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CONFERENCE SUMMARY

As with most fields of research, the passage of time has brought to Phonon Physics a

splintering of activity into various subfields. Although any attempt to give all incompassing

names to these subfields is necessarily impredse, it is at least partially correct to characterize

r most of the current activity as falling into two major subfields; namely, Lattice Dynamics and

Phonon Transport.

It has been the tradition over the last decade for investigators in these subfields to meet

separately. And yet, as the overall field of Phonon Physics progresses, each group is becoming

ever increasingly dependent on the findings of the other. It follows logically from this

interdependence that the subgroups need to meet jointly from time to time for a discussion of

advances and in order to provide a forum for a synthesis of results.

The 1981 International Conference on Phonon Physics was organized to fill this need. The

Conference is nominally the successor of conferences on Lattice Dynamics held in Copenhagen

in 1963, in Rennes in 1971 and in Paris in 1977, but it also includes the work on Phonon

Transport which previously has been the subject of conferences held in Ste. Maxime in 1972, in

Nottingham in 1975 and in Providence in 1979.

The call for contributions resulted in the submission of just over 350 abstracts. Papers
were arranged into sessions of "long" and "short" talks and poster presentations. The selection of
papers and their assignment among these sessions was accomplished through consultations with

many prominent scientists in the field; particularly, with the members of the Conference's

International Organizing and its Program Advisory Committees. It fell to the Local Program '
Committee and the Conference Chairman to asuimulate and act upon this information and to

arrange the various accepted contributions so as to create a coherent program.

The Conference was held In Bloomington, idans, U.S.A. within the facilities of Indiana

University from August 31 through September 3, 1911. About 300 persons, from 30 countries

(representing every continent) attended the Conference. Fifteen major topics were covered (see

contents).
A number of innovations were Instituted to encourage Interactions among those of

diverse interests. Among the more successful of these innovations were:

i) limiting eech day to four (to at most five) subjects,

i) to require "long" talk speakers to alse preesm a poster duing the poster session on
their topic, and
ii) to hold the poster session each day in a single room without a competing smion of

any kind.
Organizing a C-ndr u of ids sia and diversity require the support and efforts of a

large number of pe o n Of prime imporance were the efforts of the Conferencel's Staning

Committe.
Dulng the Conference an Interm Steering Committee was formed and charged with the



mission of finding a place and date for a future meeting of similar scope.

The present Conference had an unfortunate conjunction with an economic downturn
occurring throughout most of the world, which manifested itself in this regard in severely

limiting the travel support available to scientists from their own countries. It became, there-
fore, critical to obtain some funds from sources within the U.S.A. Because of the strong demand

for assistance, it turned out to be possible to give only partial support for primarily local

expenses and, even then, not to all who were deserving. All the same, we are extremely grateful
to those sources whose sponsorship and generous support funds made it possible for many

delegates to attend the Conference. Sponsorship and support funds are gratefully acknowledged

from the

International Union of Pure and Applied Physics

American Physical Society (Sponsorship only)
U.S. National Science Foundation

U.S. Department of Energy

U.S. Office of Naval Research

U.S. Army Research Office

Indiana University
LU. Department of Physics

Finally, this Conference would not have been possible without the dedicated work of its

Secretariat (VIcki Woodward, Mindy Richards, Kathryn Crouch, and particularly 3udy Chapple),

and that of Kevin Knerr and his staff of Indiana University's Conference Bureau, as well as that
of the members of the faculty and the student body who volunteered to help in the operation of

the Conference itself. The support of all these persons Is gratefully acknowledged. I
W.E. Bron

Professor of Physics
Bloomington, Indiana, U.S.A.
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Abstract.- Several mixed-valence 'aCl-structure compounds show
strong anomalies in the phonon dispersion curves. These anomalies
are related to the interaction of localized f-electrons with de-
localized band electrons near the Fermi surface and to the iso-
structural phase transitions characterized by a softening of the
bulk modulus. The lattice dynamics of these compounds is revie-
wed and the dispersion curves are analyzA in terms of a brea-
thing shell model including various modifications. The relation
between the phonon self-energies and the electronic band struc-
ture is discussed. In addition, the polarized Raman spectra are
interpreted in terms of local cluster deformabilities of breat-
hing and quadrupolar symmetry. Similarities and differences of
phonon anomalies, Raman spectra and electronic band structure in
semiconducting, superconducting and mixed valence compounds are
pointed out.

I. Introduction.- Rare earth atoms are characterized by extremely lo-

calized, partly filled 4f shells. In solids most of the rare earth

ions are trivalent with the exception of Sm and Eu in the middle and

Tm and Yb at the end of the series. For these ions Mund's rule coup-

lings become important and the divalent state is favored. In Sm,

Eu, Tm, and Yb as well as in Ce compounds the 4f n(5d6s)
m and the

4f
n- 1 (5d6s)m+l states are energetically close and may become nearly

degenerate when the external parameters (pressure, temperature) are

changed. The sse can happen if the composition is changed (e.g. by

alloying). In these cases isostructural phase transitions into a homo-

geneous intermediate (non integer) valence phase have been observed.

Since the screening of the Coulomb attraction of the core is signifi-

cantly reduced when a localized 4f electron is promoted to the deloca-

lized (5d6s) band large changes in volume occur.

The coexistence of two neighboring, nearly degenerate configura-

tions 4fn(5d6m) m and 4fn- 1 (5d6s)m+1 at equivalent rare earth ions

leads to valence fluctuations for which the charge relaxation rate
may be on the sm time scale as the lattice vibrations. It can, the-

refore, be expected that the valenoe fluctuations manifest themselves

not only in the electronic and magnetic properties of the rare earth

compounds but also in the phonon spectra. Due to strong electron-pho-



C6-4 JOURNAL DE PHYSIQUE

non interactions, pronounced anomalies in the phonon dispersion curves

are expected for those modes which are sensitive to the isotropic de-

formation of the charge density of the rare earth ions.

Experimental investigations of the lattice properties have re-

vealed a number of characteristic features: (i) A soft bulk modulus

due to c12<o and anomalous mean square sulphur displacements of

Sm1 _ Sfor x>O.15 2 , (ii) a softening of the zone boundary phonons in

semiconducting and metallic SmS 3 '4, (iii) anomalies in the phonon dis-

persion curves of Smo.7 5Yo.2 5S
5 6 , (iv) a softening of the bulk mo-

dulus due to c 12<o and anomalies in the phonon dispersion curves of

TmSe",(V) strong interaction of the 4f multiplet levels with phonons in

Sm Y Se and Sm YS9and(VI)asoftening of the zone center optic mo-1-x x 10- 1-X

des in CePd3 ".

Several theoretical approaches have been proposed for the treat-

ment of the electron-phonon interactions and the description of the

phonon anomalies of Smo.75Yo.25S 11-15 and SmS
4 '16 in its semiconduc-

ting as well as in its metallic phase. Recent calculations of the va-

riation of the charge relaxation rates of rare earth ions as a func-

tion of their valence have provided a systematic understanding of the

occurrence or absence of phonon anomalies in intermediate valence com-
17

pounds

II. Lattice dynamics.- The electronic densities of states18- 20 and the

phonon dispersion curves of EuS21, SMS2223, SmO.7 5Yo .2 S and YS

are shown schematically in Fig. 1. In SmS the filled 3p bands are se-

parated by a band gap of about 3eV from the empty 5d and 6s bands. The
localized 4f states and the Fermi level lie at the bottom of the con-

duction band. The phonon dispersion

curves of SiS look like those of a

typical ionic semiconductor. A com-
Ff- parison between the dispersion cur-

ves of EuS and Sins reveals, however,
an incipient effect of intermediate

valence in SmS. Compared to EuS the

'T-O LObranch of 5.5 is lowered and the
bulk modulus is decreased. The lo-
wering at the r-point and at the L-
point is due to an increased dipolar

(r15) electronic deformability of
__ tn the So ions and a breathing (rl)+

Fit. lectronic desities of ste defoability of the Sm ions respec-

tively, which also reduces the bulk
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modulus by about 15%. These effects are caused by the lowered 4f-5d

prmnotion energy in SmS as compared to EuS.

When we go from SInS to YS we find a considerable change in the

dispersion curves. YS is a superconductor with a partly filled 4d-5s
band. The metallic screening of the conduction electrons leads to de-
generate LO-TO phonons at the P-point. The degeneracy persists all
along the A direction. This indicates that the long range Coulomb for.-

ces are screened out almost completely and that only nearest neighbor
(nn) overlap forces are important. Therefore a neutral nn approach is
a good starting point for the description of Phonons in YS and in me-
tallic intermediate valent SmO 7 5Y0 25S.

As we have already seen in the discussion of SiS local electronic
deformabilities are a very useful concept for understanding the spe-
cial features2 5 and, in particular, the anomalies in the phonon disper-

sion curves. Assuming radial coupling between nn in a NaCl lattice on-

ly three deformabilities are possible for each ion. Fig. 2 illustrates
the different symmetry types. In an adiabatic multipole model the dy-
namical matrix becomes the sum of a rigid ion part and a deformability

[SJ p. oft Zfc Oserved La MCSC
CAforsk. on &8W l origin

4L X 46-4S5

r (S) w xr x U6-M5 CWd)

< r+2(s) W(O)

6 r~2cs TA(L)

4Tab. 1. Local deformabilities

; "'-part which itself contains a sum
? MC,,-C)>0 over all possible synmmetries. InL Fig. 2. Di splac eient-induced local de- teefcswihrsl

formbiltiesin dereas ofthecorresponding

phonon frequencies are sumale.W aealready discussed the +
and rI1 deforinabilities of the Sm ion in BinS. The LA(L) anomaly in YB
(the dashed line in Fig. 1 indicates th. normal dispersion curie) ex-
hibits a breathing deforisability of the S ion which ay be caused by
resonance-like valence dx conduction dx excitations near EF since
Y has not only Y 4d but also S 3dx states near E 3.20

When going from YB to SmO. 7 5Yo.25S , the Fermi energy decreases

Tab 1. Loa ,. 4ablii

Tab I th efet whc reul

Fix. 2. Displacemnt-induce ""cal de

formabiitie n a derease f the orrsodn
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relative to the band edge and a large fraction of the S dxy states may

become depopulated. If we look at the dispersion curves we see that

the LA(L) anomaly has in fact disappeared. Instead, a new anomaly in

the LA branch is found at smaller q-values where the LA-branch now

lies below the TA-branch. At the same time the LO(L) frequency (which
in YS was practically degenerate with the TO(L) frequency) is signifi-

cantly lowered. Both effects result from a breathing deformability of

the Sm ion arising from virtual Sm 4f- 5d state excitations, which are

characteristic of the mixed-valent state. In addition to the splitting
of the LO and TO phonons at the L-point we observe a lowering of the
optic modes at r. This is consistent with a dipolar deformability at
the Sm-ion caused by the hybridization of the Sm 4f-levels with d-

states of S, Sm and Y.
Fig. 3 shows the results of our cal-

13
-... culations . Only five parameters

0 -have been used: two nn overlap for-
%.'-, ce constants a breathing and a dipo-

#41i lar Sm deformability (which are as-

- sumed to be equal) and a quadrupolar

A t S deformability which lifts the de-
v!tIzI vgeneracy of the TA(X) and LA(X) and

may be interpreted as a remainder of

MAI [ 8] [gl] the Coulomb interaction. In view of

the simplicity of our model the

Fg. 3. Phonon dispersion curves of agreement with experiment is quiteSmO.7 5 Y. 2 5S "  satisfactory.

Recent calculations of Wakabay-
ashi1 5 show that the model can also
account for the wave vector depen-

dent lifetimes of the longitudinal
* * phonons if the relaxation of the

*A aw C I ago electronic system is taken into ac-

--- O 1 count. Fig. 4 shows that the line
I / widths calculated 15 with a relaxa-

/ , ,- tion time of 4.10-14s compare well
% * with the experimental results5'6.

Using essentially the same
6 e mmodel we have been able to reproduce

rather well the phonon dispersion
Fit. Phonon width for longitudinal curves of TmSe measured recently 2 6
modes5,6,15 cre fT~ esrdrcnl

The results are given in Fig. 5.

A 'V

a e
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TO' It is seen from the splitting

LO of the LO(A) and TO(A) bran-
5 LO TO ches that for shorter wave-

4- lengths the Coulomb contri-

A ,butions play an important ro-
Z . le and have to be included

J 20- in the calculation. In addi-

>" tion to the parameters used
for the calculation of

0 . Smo.75Yo.25S we take into ac-
X 0.8 06 OA 0.2 r 0. Q2 0.3 0.4 L count screened Coulomb and

weak Tm-Tm interactions.

F Phonon dispersion curves of TmSe.

III. Raman Scattering.- So far we have parametrized the electron-lat-

tice interaction in terms of local cluster deformabilities and found

that three deformabilities ( breathing, quadrupolar and dipolar) were

sufficient to describe the anomalous part of the phonon dispersion cur-

ves. we show now that the relevant features of the polarized Raman

spectra are due to the same deformabilities which cause the strong ano-

malies in the phonon dispersion curves. For this purpose we expand the

polarization operators PO(t) into normal coordinates A(q,j ) and im- I
purity-induced distortions B(q,K) at lattice site K. The first-order

terms read as follows

EP (q,jK) B(-q.K) A(q,j) -Q 8 (qj) A(gj)
K as

Thiu equation describes the symmetry breaking effect of the impuri-

ties with respect to the q selection rule, so that P (qj) 0 o for

q - o. Instead of using a many parameter fit of the expansion coeffi-

cients of PaQ (qj) in ordinary space we use cluster related projec-

tion operators to calculate the components of the Raman spectra which

correspond to the different cluster defornabilities. The scaling fac-

tors for the partial spectra related to the cluster deformability of

symmetry ri at the central cluster ion K are taken as parameters.

In Fig. 6 we compare our polarized Raman scattering data for "7

(upper part) with the results of our calculation (lower part).The bold
lines In the lower part represent the one-phoion density of states

weighted by (n(qj)+l)/w(qj). This is the simplest approach to the Ra-
man density and gives only a very poor description of the measured
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spectra.However, taking into account

+- Sms the impending valence instability of
Sm by a breathing response (r.)

of the charge density around the

Sm ion, we obtain the shaded cur-

ve, which explains nicely the
strong Raman scattering near

200 cm- 1. An effect of a quadru-

polar r12 deformability of the
Sm-ion has been detected neither

in the Raman spectra nor in the

5 phonon dispersion curves. The

effect of such a deformability
would lead to the spectrum repre-

sented by thin lines in the lo-

wer part of Fig. 6. A qualitative

analysis of the r25 contribution

near 60cm- 1 shows that it is con-

W MEI ar0 sistent with S-S interactions.
The most interesting spectrum

F 6 Polarized Raman spectra27 of is of course the mixed valent
smS (upper part). Lower part; weigthed SmO  27 (Fig. 7) which is
one phonon density: bold line; brea- m0 7 5 0.25 F
thing contribution: hatched area; qua- clearly dominated by the promi-
drupolar contribution: thin line. nent -1 scattering intensity near
245 cm and the weaker one near 85cm -I The results of the calculat-

tion (shaded curve) show that these structures are caused by the brea-

thing deformability of the Sm-ions.

From our lattice dynamical analysis we expect a strong F+ defor-

mability of S in YS. The Raman scattering data27 confirm this inter-

pretation (Fig. 8). The intensity near 210cm- 1 arises from second or-

der acoustic phonon scattering which is not included in our calcula-

tions.

Our analysis of TiN shows that the Raman spectrum28 is made out

of two nearly equal contributions from the breathing and quadrupolar

deformabilities at the N site which are represented in Fig. 9 by sha-

dod spectra enclosed by full and dashed lines, respectively. This is

again in agreement with the analysis of the phonon dispersion curves

where the LA(L) and TA(L) anomalies indicate + and r +deformabili-1 n 12 dfraii

ties of the N ions, respectively. TiN belongs to the group of transi-

tion metal compounds for which detailed microscopic studies have been

carried out3 0 32  TiN shows dynamical Ti(d xy)-N(2p)

which leads to periodic charge fluctuations between the open d- and p-

-~ -~ -
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*Sm%,YomS 300K 5145A . YS 300K 5145A

R+I ______________5i

-

1020D 3WWO20O
VA LM(cywl) 27 ML4M(rI-1

Fig. 7. Polarized Raman spectra of Fix.8. Polarized Raman spectrm o
Sm Y SNotation as in Fig. 6. YS. Notation as in Fig. 6.

0.75 0.25S
Pshells of Ti and N, respectively. The

symmletry of purely radial charge de-

formations of the (pdi)-overlap leads,
3- in a first approximation, to equal

strength of the breathing and the qua-
drupolar deformability of the N site.
In YS the pd coupling in less effecti-
ve and largely replaced by d xy -xyj

-- E WM.E J~4 excitations which lead to a breathing
Fig. 9.Raman spectrum of TiN . deformation only. In ~0l~ 5

0.95*S.7O.5
the local symmetry of the Sm site

imposed by the Y impurities is consistent with radial r+ and r de-
formations but incompatible with the r 12 quadrupolar syrmetry,,which
has neither been observed in the Reman nor in the phonon spectra.
IV. Summary and Conclusions. - We hove shown that the phonon dispersion
curves, the phonon line width and the Reaman spectra of a vrariety
of materials ranging from semiconductors to superconducting transition
metal compounds and including the mixed valent omapounds can be des-
cribed successfully in terms of deformabilities of breathing, dipolar
and quadrupolar syetry.
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TmSel-yTey

H. Celio, R. Monnier and P. Wachter

Laboratorium Lr Festk6rperphysik, ETH Zurich, 8093 Zurich, SwitzerZand.

Abstract.- In TmxSe and TmSel-yTey the degree of valence mixing
can be adjusted between nearly 3+ for Tm0 .8 7Se and 2.55+ for
TmSeO.7TeO.3 . The sound velocity VL decreases with increasing
degree of valence mixing and the elastic constant c becomes
negative. The first order Raman spectrum shows an aditional peak
at 60 cm- 1 for strong valence mixing and a softening of the LO (L)
frequency. The experiments are compared with the calculation of
an 8 parameter shell model resulting in projected density of
phonon states.

TmSe is one of the most interesting intermediate valent (IV) materials

in as much as it is IV at ambient pressure and its degree of valence mix-

ing can be adjusted by composition (TmxSel)) or by alloying with other

ions2 ) . Thus the valence as determined by the lattice constant is

nearly 3+ for Tm0 .8 7Se and 2.55+ for TmSe0. 7TeO.3  . On these composi-

tions we have performed Raman scattering, ultrasound velocity and elas-

tic measurements 4). In these rocksalt type structures the Raman effect

measures a defect induced weighted one phonon density of states 
3 )which

is displayed in Fig. la for 4 different compositions of TmxSe.The curve

difference spectra

TmxSe - TmSeTm X S e (poltshed) A
SdFig.la: Raman spectra

K - of trivalent Tm0 87 Se300 K x • 1 and intermediate

valent TmxSe.

x 1. 5 Fig. lb: Contribution
of the anmalous peak

X 1.0 X -. 9 at 60cm to the
scattering intensity,
computed by substrac-

X 0.27 tion of the trivalent
" " spectra.

r aa u NC S IRY CHIr Ut

,,i -~mu - - -I
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for the trivalent x=0.87 at the bottom of Fig.la is identical to other

trivalent selenides like GdSe or LaSe and corresponds to TA and LA

phonon densities in the low energy range and TO and LO densities
5)for the higher energy peaks . As one increases the degree of valence

mixing, x -1.05, a significant peak at 60 cm-1 is emerging within the

acoustic region which is shown in more detail in Fig.lb. Also with in-

creasing valence mixing the high energy edge of the LO band softens

and merges with the TO band. This softening of the LO band between a

Tm +8 7Se and a hypothetical Tm 2+Se, but a real Yb 2+Se, is shown in more

detail in Fig. 2, where for comparison also the much smaller softening3+
of the trivalent series Tm0 87Se - LaSe "ue to the lanthanide contrac-

tion is displayed.

The sound velocities vL,vTl and vT2have also been measured and the

elastic constants c11 , c12 and c4 4 have been derived 4). With increas-

ing valence mixing vL reduces from 3.48-105 cm/sec for Tm0. 87Se to

2.56-105 cm/sec for Tm0. 99Se. At the same time c12 becomes negative,

going from 2.1"1011 ertj/cm 3 to - 5.7"1011 erg/cm , respectively.

As a consequence the compressibility rises from 1.46"10-6 bar -  for

Tm Se to 4.61-10-6bar-I for Tm0 99Se. These elastic anomalies per-

sist down to 4.2 K.

A softening of LO(L)- and LA(A)phonons with increasing degree of va-

lence mixing has been predicted already 6) and is well born out by the I
experiment (see above). The negative c12 for IV TmSe has a dominant

effect for vL1lllI which becomes even less than vT1lllI, forcing the LA

branch below the TA branch, Since no
2ME 6)

softening of the LA(L) is expected

Ca qualitative LAllllldispersion has
fs- been constructed which indicates for

Late- the anomalous Raman peak at 60 CM -1

mainly a density of states effect3 ).
iTmwe A different point of view has been

taken 7)by assuming that the elec-
tron-phonon matrix elements of the
rII + breathing mode enhance the Raman

intensity of those parts of the pho-
ISI

9.6 .7 5.8 S. 6 6.1 non dispersion curves which soften
LWYTiCr CONSTMT cAi

for IV.

ii.2: Peak position of the LO We have calculated the phonon spec-
! of Tm Se, Gd Se and LaSe. o
Stars: wLOIL) in shell model cal- trim of IV TmSe by using an 8 para-
culation.

_ --.-- - - - -
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WAVENLIMBER (cm--3
0 58 108 150 28 250 meter shell model with

6083
A S deformable ions. The dy-

C 50 -25 namical matrix D(q) is
L9Tm .,,Se 300 K C-

40 3 D(q)= DfRI(q)+D 5shel (q)
U1A projected 1;" .20-

n +D (q) with DRIthe

30 is point charge rigid ion
matrix, D the ma-

20 shell
28 l8 trix for a simple shell

-0 B model and D accoun-
- A .5def

ting for the breathing

S 08 2 a 30 48 58 ( of the Tm ion andFREOUENCY [*10 red *-I
]

Fig. 3: Phonon density (B) and projected + a quadrupolar deforma-

density of states (A) of IV TmSe. bility (r25 ) of the Se
ion. The parameters were adjusted using the lattice constant, c11, cl1 2

4) 8)
and c44 4and w TO and wLO at the r and L points . The continuum cha-

racter of the 5d electrons is reflected in a high polarizability of the

Tm ions. However, density functional results for the charge distribution

around a trivalent impurity in an electron gas at the corresponding

density indicate that the induced charge is too localized to effective-

ly screen out the long range Coulomb interaction between the ions,

thereby justifying the use of a shell model for the description of that

system. The measured dispersion curves 8)are reasonably well reprodu-

ced by our model in the 11001 and 11101 direction, but essential diffe-

rences appear in the 11111 direction, where the life time broadening

of the longitudinal modes is especially large. In Fig. 3 we show the

one phonon density of states (B) which should be compared with the

experimental curve of Fig. la for Tm1 .0Se. Very good agreement is ob-

tained. In Fig. 3 (A) we also display the r1 projected density of
states which is not very pronounced at the experimentally determined

60 cm peak, which thus is mainly due to a density of states effect

from flat regions in the phonon dispersion along 11001 and 11101 near X.

1) B. Batlogg, H.R.Ott, E.Kaldis, W.Thdni and P.Wachter, Phys. Rev.
B 19, 247 (1979)

2) B. Batlogg, Phys. Rev. B 23, 650 (1981)
3) A. Treindl and P. Wachter, Solid State Comun. 36, 901 (1981)
4) H. Boppart, A. Treindl, P. Wachter and S. Roth, Solid State Coamun.

35, 489 (1980)
5) A. Treindl and P. Wachter, Phys. Lett. 64 A, 147 (1977)
6) K.H. Bennmnann and M. Avignon, Solid State Commun. 31, 645 (1979)
7) H. Bilz, G. GUntherodt, W. Kleppmann and W. Kress, Fhys. Rev. Lett.

43, 1998 (1979)
8) H.A. Nook and F. Holtzberg, Int. Conf. Valence Fluctuations in

Solids, Santa Barbara, Calif., Jan. 27-30, (1981)
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PHONON SOFTENING IN INTERMEDIATE VALENT SmB 6

I. M~rke and P. Wachter

Laboratori win far Feetkarperphyeik, ETH ZMLrioh, 8093 ZMlrich, Sviterland

Abstract.- We have measured the Raman spectrum of a SmB6 single
crystal and compared it to LaB6 and EuB Beside the three high
energy Raman active phonons we found adaitional excitations in
these c:mpounds. Most prominegt is a peak at 172 cm for StB6,
214 cm for LaB and 220 cm * for EuB . The spectra are ana-
lysed in terms of defect induced phonog scattering. The soften-
ing of the line in intermediate valent (IV) SmB is explained
in analogy with the phonon anomalies found in other IV com-
pounds.

SmB6 is of special interest among the rare earth hexaborides because

the Sm ion has a non integer valence of 2,6. To examine the influence

of intermediate valence (IV) on the first order, forbidden Raman scat-

tering, we have remeasured the spectra of a Stub 6 single crystal and

compared it to LaB6 and EuB6 . The hexaborides crystallize in the

CaB6 structure of space group O
1

(Pm3m). For this structure there T-300K

are three Raman active phonon mo- E

des of Alg. E and F2g symmetry. F 0

Beside these three modes our meas- 
29

urements show additional shoulders ,

in both spectra. The most promii-

nent structure is a peak at 1 LaB6

172 ca- for SaD6, and 214 cm
- -

magnetic ordering in SmB6 and LaB6

and of electronic excitations, in L ~8

LaB6 (the ground state of La
3+ is

1 o ) is the reason why we are 2 J15 I S o e-- 56
0 rRMENCY hmirT (sm-I)

going to interpret this part of

the spectra in terms of phonon Fig.1 Room temperature Raman
Spectrum of StB6 and LaB 6 single

scattering only. The selection crystals.

i .. .. ... ..-
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rules for Raman scattering may be lifted by crystal defects. This

effect yields a weighted phonon densityof states in the spectra (1).

The peak at 172 cm- 1 in IV SmB6 is of special interest because it is-1
about 40 cm softer than the corresponding excitation in metallic

LaB6. The frequencies of the Raman active modes of the other MB6 are

in semiconducting compounds always higher than in the metallic sam-

ples (2). This is confirmed on a Eu 2+B6 powder sample which shows a

weak broad excitation at 220 cm-
. Furthermore a softening of the

bulk modulus has been observed in SmB 6' B=139 GPa, 191 GPa and

157 GPa for SmB6, LaB6 and EuB6 , respectively (3).

Softening of zone boundary phonons and of the bulk modulus are

the striking effects caused by the electron phonon interaction in

IV compounds (4). In IV compounds with NaCl structure the phonons

mostly affected by the coupling to the RE ion are those where planes

of anions move against planes containing only the IV ions (5). Such

a vibration is expected at the X-point in the CaB6 structure. The

symmetry of normal modes at this point is (we put the origin of the

coordinate system in the center of the boron octahedron):

3A g + A2g + B lg + B2g + 3Eg + 2A2u + B2u + 3Eu

The compatibility relations are given in Fig. 2. The two modes of A2u

symmetry are those where planes of B ions move in [1001 direction

against planes of Sm ions (Fig. 3).

Although it is not possible on the basis of the Raman scattering

experiment alone to be sure that

the observed low frequency line

coincides with either of 
these A2u

modes, there are some important RIG RI Rig

arguments which favour such an in- E9  B I  R8g

terpretation. One is by taking a

suitable linear combination of both F 2  Big

A2u modes, one can deal with the F29  E B2g

movement of the center of gravity Flu  B2  E

of the whole B6 octahedron. Com-

paring the mass of B6 with that of F2u R2u

a single boron atom, one may expect B2u

this vibration to have a low E

frequency. A further argument is

deduced directly from the cmpati- F Compatibility relations for

bility relations (Fig.2). A mode different symmetry points

m| m L -v j I-' m mJ
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1L 2

Fig.3. Normal modes of the two A2umOdes of SmB6 at the X-point.

of A2u symmetry at the X-point may be either of Alg or E or Flu

symmetry at the r-point. The f-A _ has the highest frequency in the

hexaborides of about 1300 cm . One would not expect this mode to be

of the order of 200 cm- at the zone boundary. The same argument holds

for the r-E mode. If one looks at the Flu modes, one of which is the

acoustical, one finds two vibrational modes showing exactly the same

atom displacements as for the two A2 u modes. The only difference is

that at the r-point all unit cells move in phase whereas at the X-point

neighboring planes of unit cells in X direction move in antiphase. The

Flu mode is expected to be of lower frequency than the Alg mode.

The softening of the low frequency line is thus tentatively explained

in terms of a Raman inactive LO (X) mode which couples most strongly

to the volume fluctuations.

1. A.Treindl, P.Wachter, Solid State Communications 32, 573 (1979)

2. M. Ishii, T.Tanaka, E.Bannai, S.Kawai, J.Phys. Soc.Japan 41,

1075 (1976)

3. H.E. King, Jr.,S.J.La Placa, T.Penney, Z.Fisk, Int. Conf. on

Val. Fluctuations in Solids St.Barbara, Jan. 1981

4. K.H. Bennemann, M.Avignon, Solid State Comun. 31, 645 (1979)

5. H.Bilz, G.Gintherodt, W.Kleppmann, W.Kress, Phys.Rev. Lett, 43,

1998 (1979)
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PHONONS IN AMORPHOUS MATERIALS

M.F. Thorpe

Physic8 Deparbnent, Michigan State University, East Lansing, MI 48824, U.S.A.

Abstract.- A brief review is given of phonons in amorphous mate-
rials as seen in Raman scattering, infrared absorption and in-
elastic neutron scattering. It is shown that phonons (i.e.
quantised harmonic vibrations) are well defined in network
structures and a description is given of the standard theoretical
technique which is to build a finite model and then use one of
a number of numerical techniques to obtain the eigenvalue spec-
trum of the dynamical matrix. Particular emphasis is given to
newer theoretical techniques that do not require the building
of a model. The results are illustrate-with reference to ex-
periments in elemental semiconductors like Si and Ge and two
component glasses like SiO2 , GeS2 , etc.

1. Introduction.- The vibrational spectra of amorphous solids and

glasses have been extensively studied particularly in the last decade.

The principle experimental techniques used are inelastic neutron scat-

tering, Raman scattering and infra-red absorption. Although there is
no one theoretical approach that can explain all aspects of theseI
vibrational spectra, the main features are now understood. However,

many significant details remain to be put in place.

We will try to briefly review the most important theoretical

techniques that are available to calculate the phonon spectra of glass- V

es. The results are illustrated mainly with a. Si and a. SiO 2 on which

moet work has been done. More exotic types of glasses have also been

studied but less theoretical progress has been made on these.

2. Model Building and Numerical Methods.- The standard and most success-

ful calculations of phonon spectra have involved numerical methods on

particular models. It is of course essential to know the structure of

a gleass before preceding to calculate the vibrational spectrum.

The earliest of these models were hand built ball and stick models

of a. S0 2 (1). These were based on the known local bonding arrangements

and typically contained -, 300 atoms in a roughly spherical cluster.

Bell and Desn (1 ) used these models to set up a dynamical matrix using

the Born model which has nearest neighbor central and non-c*ntral

forces. The ctgeaalue spectrum was obtained aS a histogram using the

negative etgeavalue theorem.

.................. _ --
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In figure 1 we show a recent comparison between theory and an

inelastic neutron scattering experiment (2 ) for SiO 2 . The experiment

is done at large wave vector transfer so that essentially the density

Si,
Expfi.

Fi 1 A comparison 3 ) between ex-
per ment and theory for inelastic
neutron scattering in a. SiO2. [Adapted
from reference 3.]

0 400 800 120G

of states is measured. This has the disadvantage that the multiphonon
background has to be subtracted. This is indicated in the figure by

the dashed line(2) . The theory is the density of states weighted by

the appropriate neutron scattering lengths for Si and 0. The agree-
ment overall is impressive.

Similar calculations(3) have been performed for the Raman and I.R.

spectra. Again reasonablely good agreement is obtained. However, the
matrix elements are difficult to put in as they are not simple as in
neutron scattering. Usually some local bond polarisabLlities are in-
troduced which have the correct symmerry. This introduces a major
theoretical uncertainty that is not present in inelastic neutron

scattering.
Similar work has also been done on a. Si. Hand built models have

been constructed by many groups. While the hand construction fixes
the topology of the network, the positions of the atoms can be refined
by relaxing according to a suitably chosen potential. (5) The equation
of motion method has been used by Alben and collaborators to determine
all quantities of interest [density of states, Raman scatting, 1.R.

absorption and the neutron scattering law S(4,w)]. The method tracks
the bahavior of the displacements with time and then Fourier trans-
forms. It can be used in any harmonic system that is disordered. Good
overall agreement is achieved between theory and experiment using this
method( 4 ) ,(6)

The negative Lgenvalue theorem was used to construct histograms
for the density of states ( ) for i2 type glasses. To calculate other
quantities, sample eigenvactors must be obtained. This method could

also be applied to a. Si as could the equation of motion method be
applied to SiO2 type glasses. It is an accident of history that this

•- . , , , , ,i : A ' .. "lII Ii i "
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has not happened.

It is particularly difficult to calculate the I.R. absorption

in elemental glasses because there is no I.R. absorption in the

corresponding crystal usually. A new mechanism must be invoked. Two
have been suggested; dipole moments associated with three near neigh-

bor atoms(4 ) or fluctuating dynamic charges on all the atoms.
(7)

Direct diagonalisation of the dynamical matrix for a finite model

is now rarely used as it is inefficient.

These numerical techniques may be regarded as providing a solu-

tion to the problem - although some effects such as those produced

by the long range Coulomb forces have yet to be included. However,

they do not often provide a great deal of insight and calculations

must be repeated every time a change is made in the model - such as
increasing the local distortions or changing the masses. For this

reason, more analytic approaches are now being persued.

3. Beyond Numerical Methods.- Some progress has been made in two

directions. The phonon spectrum of a Bethe lattice 8 can be obtained

using Born forces for a. Si. This shows many features in common with

the density of states of crystalline Si although the van Hone singl-

arities and some other features are absent. (see fig. 2)

1"1
Ml. A I

--1" Fi 2 : Showing the density of statesI Fystalline Si in the diamond
I ' structure (solid line) and the Bathe

/ ,lattice (dashed line). [From reference
1, | 1

This or other Bethe lattices can be tied onto small pieces of

network and used as a convenient boundary condition in the "Cluster -

Bathe - lattice" method. This avoids the large effects that the free

surfaces of small clusters can produce. A review of this method con-

ains many of the results obtained to date (7) . Good agreement with

experiment is obtained in many cases.

The other approach is to keep only the central forces and complete-

ly neglect the non-central forces. This is not an unreasonable starting
point as the ion-central forces are typically only -.20. of the nearest
neighbor central force. Within this scheme the problem is essentially

=, I _.............. .. . . _Il l

--------------------...-- [
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soluble 9 and very simple expressions are obtained for the positions

and widths of the main peaks in the density of states. These are

particularly valuable when the network is modified in some simple way.

For example 018 can be substituted for 016 and the Raman spectra of

the two glasses compared.1 0 It may be possible eventually to include

non-central forces and Coulomb forces in this model using perturba-

tion theory.

4. Future Prospects. Although many Raman and I.R. experiments have

been performed on many glasses whose structure is known, progress has

been hampered by the absence of a good knowledge of the optical matrix

elements. Recent work by Martin and Galeener (11) has shown that these

matrix element effects are extremely important and can produce peaks

in the optical spectra where non exist in the density of states

(see figure 3).

-S I--- -T- - . . .

Ed

4 I

a I'I

VITREOUS

IC4

VTREOUSm

U,-W

VITREOUS

-F 3 Shoin the Raman scattering,
I] diniity of states in the central force_______ _ , model, and measured weighted density of

IVAIII_____I___ __ states from neutron scattering. (Repro-
WAVE quImmi Wduced from ref. 11.]

The clearest measurements to interpret theoretically are from

inelastic neutron scattering. However, the measurements at large Q

have problems with multiphonon scattering. It may be that measurements

at smaller Q will give the most information, These can be obtained

theoretically using the equation of motion technique.
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VIBRATIONAL SELECTION RULES IN DISORDERED SOLIDS VITREOUS GeO2

F.L. Galeener

Xerox Palo Alto Research Centers, Palo Alto, CA 94304, U.S.A.

Abstract. Empirical selection rules observed in the Raman and infrared spectra of
vitreous germania are noted. Those for polarized Raman scattering are discussed
in more detail, and are generalized to apply to glasses with different local order.

1. Observations in Vitreous GeO2. - Fig. 1(a) shows the reduced polarized Raman
spectra of vitreous (v) GeO2.1 The dominant feature is the highly-polarized Raman line
(R) at 420 cm"1. Fig. 1(b) is a schematic diagram of the vibrational density of states
(VOOS) for this material calculated by the method described by Galeener,2 using the
central forces (CF) only continuous random network (CRN) model of Sen and Thorpe. -

According to this analysia 2 R is to be associated with the single state W1 at the low
frequency band edge in Fig. 1(b). Thus the dominant Raman line is interpreted as the
result of very strong Raman scattering by a small number of select states of motion in the
1-

This Inference Is supported by data of Galeener, Ledbetter and Stringfellow,4

reproduced In Fig. 2. Fig. 2(a) Is the reduced neutron spectrum G(Q,W) obtained from
inemlastic neutron scattering measurements. Upon subtraction of the estimated 2-phonon
contribution (dashed line), this quantity Is a good experimental measure of the VOOS.
(rhe lines at about 125,470 and 1230 cm"1 are thought to be spurious.1 This VDOS Is to
be compared with the reduced polarized Raman spectra, Id(W) In Fig. 2(b), and the
transverse infrared response, W,2 (W), In Fig. 2(c). The vertical solid lines are drawn
through peks seen In Id(W), W62(W) and - Im (W/) [the Infrared energy lose spectrum,
not showl. As predicted, R lies not at a peak in the VDOS but at the low frequency
edge of the band of states centered at -550 cm"1. This indicates the existence of a highly
frequency-dependent matrix element, contradicting the prediction of Shuker and
GWamon, 5 aid spporting the arguments of Galeener and Sen. 6 It also provides
additional confidence In the predictive utility of the simple CF CRN model.

Note that additional selection rule information can be found in Fig. 2. The dominant
poiwlzed Rama line R Is not men in the VIDOS, nor Is it seen In We2 or - Im (W/,)
[kndic inIred inactivlr]. The polarized Raman spectra give much of the information

tO be found In the neutron and i spectra. All th peaks In the VDOS, We2 and - Im (W/.)
am sen In the HV Reman pectrum alone The Hi-I spectrum clearly selects certaln

dItlonl modes for obaervaion, Inluin D, a defect of uncertain origin.

P, -' - " "; :-= .'
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2. Raman Activrty. - The strong Raman activity of the symmetric stretch (SS) motion ht
W1 is easily understood, as is the reported2 inactivity of the antisymmetric stretch (AS)
motion at W2 (the other low frequency band edge in the CF CRN model). The atomic

motions2 in W2 and W1 are shown in column A of Figs. 3(a) and (b), respectively.

Following Long,8 the basic rule Is that Raman activity is allowed if at least one component

of the derived polarizability tensor a'(0) = (aa/au)0 is non-zero, where a is the polarizability

of the unit, u Is the normal coordinate of vibration, and 0 indicates evaluation at the

equilibrium position, u - 0. For the normal modes at W2 and W1 , the relevant unit is the

oxygen atom moving in special relation to its two immobile nearest neighbor Ge atoms,

again as depicted in column A of Figs. 3(a) and (b), respectively. The polarizability of the

unit is taken to be the sum (1 + 2) of separate contributions (1 and 2) due to the position

of the oxygen atom relative to Ge atoms 1 and 2, respectively. The variation with uAS (and

Uss) is shown schematically in column B of Fig. & It is clear from Fig. 3(a) that the AS

motion necessarily produces avn a which is even in uAS. Thus, as shown in column C,

a'(0) = 0 and AS motion is Raman inactive. On the contrary, Fig. 3(b) shows that SS

motion produces an a which Is not even in uss, so that a'(O)*O and Raman activity is

expected. (Using a bond polarizability model, Martin and Galeener9 have shown that
polarized Raman activity Is zero at all frequencies of the CF CRN model for AX2 glses

except at W1.) The present argument supports the inference that strong polarized Raman

activity arises when Ike bonds are stretched identically and In phase with one another.

This Idea is easily generalized to include the motions of atoms which are 1-, 2-, 3- and
4-connected in the glass network, as depicted schematically In Fig. 4. The motions uSS

shown are the SS motions of these atoms since they result in In-phase identical stretching

of the bonds. Motion at right angles to uSS gives no polarized Raman scattering because

W- ,0 or, alternatively, because this motion results In out-of-phase bond stretching for

which the Raman shifted radiation interferes destructively. Thus, one should first look to
SS motions like those shown in Fig. 4. in attempts to assign the origin of strong polarized

Raman lines seen in disordered solids, not to wagging or rocking motions.

a Acknowledgment. - The author is grateful to A. J. Leadbetter and R. M. Martin for

helpful discussion of portions of this work, supported by ONR Contract N0014-80-C-0713.
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THE VIBRATIONAL SPECTRA OF CRYSTALLINE AND AMORPHOUS PHOSPHOROUS

F. Gompf and J.S. Lannin*
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Abstract.- Inelastic neutron scattering measurements are reported on polycrys-
talline orthorhombic black phosphorous (o-black P) and on amorphous red phos-
phorous (a-red P). The a-red P results indicate that the vibrational density
of states is composed of three distinct spectral bands, with gaps or pseudo-
gaps separating these regions. While the high frequency phonon band of o-black
P occurs near to that of a-red P, considerable differences exist at lower
frequencies. In particular the lowest band in a-red P is less structured and
shows a strong shift towards smaller energies i.e. a pronounced softening of
the lower part of the a-red spectrum is displayed. The vibrational densities
of states have been employed to determine the lattice specific heats and
Debye temperatures.

1. Introduction. - The structure of semiconducting black P is orthorhombic with lat-

tice parameters of a - 4.3763 1, b - 10.478 1 and c - 3.3136 1 with four atoms per

unit cell. Black P has a typical layer structure with a large ratio of next neigh-

bour interlayer to intralayer distances of 1.61. This suggests a pronounced two di-

mensional character of this compound.

The semiconducting a-red P has only been poorly studied and its physical proper-

ties are relatively unexplored. Raman scattering and infrared absorption experiments

/I/ indicate that the structure of a-red P is appreciably correlated beyond nearest

neighbours rather than being build up from simple isolated structural units and it

was suggested that there exists a more local layer-like atomic arrangement.

2. Experiment.- To help clarify some of these interesting properties of both P modi-

fications we have performed inelastic neutron scattering experiments at TOF 11, a

multi detector time-of-flight spectrometer at the research reactor FR2 in Karlsruhe.

The incident neutron energy was 5 meV. 60 le 3-detectors covered scattering angles

between 80 and 166 degrees. The experiments were carried out at room temperature.

X-ray and neutron diffraction measurements characterized a-red P to be totally

amorphous and o-black P as single phase orthorhombic.

3. Results and discussion.- The vibrational densities of states F(fkw) for both modi-

fications were deduced from the scattering data and partially corrected for resolu-

tion of the spectrometer. Fig. I shows the phonon density of states for o-black P.

The very structured spectrum can be divided into two spectral bands:

*Supported by NSF Grant DW 7908390
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(i) A lower part with four sharp peaks at 10.5, 16.5, 25.5 and 32.5 meV which

together make up about 50% of the modes in F(hw).

(ii) An energetically higher lying part which has a maximum around 55 meV and is

separated from the lower band by a gap at around 39 meV.

For this upper part of the spectrum the resolution of our spectrometer is rather poor

so that any detailed structure cannot be registered. The broken line in Fig. I shows

the second order Raman spectrum of o-black P from /2/ at 300K. It coincides nicely

with the position of our higher optical modes and reveals a number of peaks. The dif-

ference in width, however, cannot solely be explained by difference in resolution.

Ft'I ) M ~W]

03- .03 -

102. 02 !

01- 01

ib 20 30 0 W 0 70 0 10 20 30 .0 50 60 simWVl

Fig. I Phonon density of states of or- Fig. 2: Vibrational density of states of
thorhombic black phosphorous. Second or- amorphous red phosphorous. Infrared ab-
der Raman spectrum - - - from /2/ sorption - - - from /I/

Fig. 2 shows the vibrational density of states of a-red P. The spectrum is composed

of three distinct spectral bands with gaps or pseudogaps separating these regions:

(i) About one quarter of the modes of F(fkw) make up the low frequency part of

the spectrum. It has two peaks at 7 and 11.5 meV and shows a pronounced

shift towards smaller frequencies in comparison to o-black P thus opening

a gap where the crystalline phase displays a considerable overlap.

(ii) A second quarter of modes in F(4W) is given by the middle spectral band

which has a shoulder at 26 meV and a peak at 33 seV. For them we find cor-

responding peaks in the o-black modification.

(iii) The higher optical modes are separated by a gap at 40.5 mey and contribute

about 501 of the modes in F(b). Both gap and peak position are practically

identical slth the ones found in o-black P.

The broken line in Fig. 2 gives the infrared absorption, a(w) from Ref. /2/ for a-red
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P. The gap at 20 meV, the maxima in the middle part of the spectrum and the center

of the high frequency band correspond well with the neutron data. Again the resolu-

tion for the higher optical modes of the neutron scattering experiments is not good

enough to show details in this region while the low lying part of the spectrum can-

not be detected by infrared absorption.

The comparison of F(K!) for both modifications implies that simple phenomeno-

logical broadening of F(-h) for the crystalline material does not yield a good re-

presentation for the noncrystalline counter part, as it occurs in group 4 semicon-

ductors.

C' IcoI/madsI 9,IT)

600-

mowphoms(red) P orthohMcbodc-

0.1 / from cp-VOWS of a-P A from cp -v aue of GstdwMI
200 0 o-P e.fm Cp - voues ot Poukov 131

0.01 ' 2 26 80 20' 50 T1K] 10 200 300 TIKI

Fig. 3 : Lattice specific heats for Fig. 4 The Debye temperature 0 for or-
Dorthorhombic black and amorphous red thorhombic black and amorphous red phos-

phosphorous phorous

From the phouon densities of states we calculated the lattice specific heats Cv

which are shown in a log C versus T plot in Fig. 3. The o-black P curve is in good
v

agreement with the experimental values of Paukov /3/ after his C data had been
P

transformed into C -data via the Nernst-Lindemann formalism . Similar to some other
v2

layer lattice structures a-red P shows a region where Cv - T holds which is consist-
ent with the low effective dimensionality of this system as proposed by /I/.

In Fig. 4 we compare the GD(T) versus T curves deduced from F(ftw) with values

calculated from direct measured specific heat data. The softening of the vi rational

spectrum of a-red P for small energy transfers leads to considerably smaller 0D-val-

ues than o-black P at low temperatures whereas both modifications are practically

identical above 200K. Considering the sensitivity of this comparison the agreement

with 0D-values determined from directly measured specific heat data for o-black P

/3/ is excellent. A comparison for s-red P i's only possible for 300K from a C -value

of /4/ since to our knowledge other measurements do no exist.

References: /1/ Z.V. Shanabrook and .'S. Lannin, Proc. of the 14th Int. Conf. Phys.
of Semiconductors, Edinburgh (1978)

/2/ J.S. Lannin and B.V. Shanabrook, Proc. of the 14
th Int. Cost. Phys.

of Semiconductors, Edinburgh (1978)

/3/ K. Paukov, Zh. Fiz. Khiu 43 (1969)

/4/ K.A. Gschneidner, Jr., Solid State Phys. 16 (1964)
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TIME-RESOLVED PHONON SPECTROSCOPY OF AMORPHOUS A82 S3

U. Strom, P.B. Klein, K.* Weiser and S.A. Wolf

Naval Resarch Laboraztor'y, Wahington, D.C. 20375, U.S.A.

Abstract. Phonon puines which were optically induced in thin evaporated films
of amorphous An S have been studied with a superconducting NbN bolometer. The
observed ballisG2 and diffusive heat propagation provides a measure of the
phonon mean free path (mi...The results are related to the microscopic
structural order of the chalcogenide glans am evidenced from previous optical
and structural studies.

The present experiment examines phonons which are induced optically in thin

evaporated films of the chalcogenide glass As 2 S3' The glass films are deposited on

one side of a 1 ma thick sapphire disk. A NbN superconducting bolometer I (I am x

1 m) deposited on the other side of the disk serves as a phonon detector. The time

resolution of the experimental system was determined by measuring the ballistic

phonon response Induced optically In a 2001 thick NbN metallic film. The bolometer

response for an Snsec incident optical puise of X - 57969 with total energy of

3.5xl10 joule/pulse is shown in Fig. 1. Further details of the bolometer can be

found In Ref. 1.

gas=Fig. 1. B olometer response for optically heated
NbN metal film. Spike near t-O due to direct

LA bolometer beating by partially transmitted laser
pule. olm,6er response time estimated to be

U .less then 10 sec (see Ref. 1). Delayed pulses
0 50 100 15 200 25 represent ballistic TA and LA phonons propagating

TIME (10O%5) through I amthick sapphire.

7he bolometer response for a photo-excited As 2 S3 film of thickness d-1.8 um is

shown in Figs. 2 and 3. (Note: the film deposition conditions were nearly Identical

to thos used In previous optical 2 and structural studies. 3 ) For light with wave-

length A~ - 482 we find that the product of absorption coefficient a and film thick-

ness d is ed-0.7. This value of ad typifies the glass after photodarkenIng. 4.5

i.e. the thermally reversible photo-Induced bend edge shift which io on the order of

0.1 *Y towardI the red.* None of the phoson parameters discussed In this paper were

affected by reversible photodarkening. As seen in Figs. 2 and 3, heat propagation in

aorphous As 3 at T - II.5Z is predominantly diffusive. The ballistic components

at 0.1 and 0.2 usec are not due to phonen propagation across the entire width of the
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I X4882A T 115K a4882 T -II5K
A82S3 A23

014 02 04.0 08 0 20

TIME IsSC) TIME (sc)
Fig. 2. Boloseter response for optically Fig. 3. Long time boloseter response
heated As2 S 3 film. Ballistic pulses as due to diffusive phonon transport in
in Fig. 1. Peak at 0.35,asec due to As2 S3 .
reflection from bolometer electrode.

film, but are due to phonon generation by the partially transmitted light in the

region of the glass film closest to the sapphire suhstrate. The ratio of the inte-

grated ballistic to diffusive phonon signals yields the phonon u.f.p. A in amorphous
adAs S The number of ballistic phonons I - Ae -, whereas the number of diffusive

2 3- aG-A)
phonons is given by ID - 1 -  Since Awd we obtain to a very good approxima-

tion for the ratio of ballistic to diffusive phonon production RItB/IXD-.V(e ad-).

We have measured R and a for laser wavelengths X from 47719 to 5040R. The values of

ad ranged from ad - 1.29 at X'- 47711 to ad - 0.26 at X- 50402. The values of A

obtained with these results were A -140302 (for d - 1.8 gm). In an alternate I
Seometry,light wsa incident through the semitransparent bolometer. For X -40001

light, s-1.6xlOc " .  From the measured value of R - 0.2 we deduce A -1602. We

conclude that A Is essentially Independent of exciting light wavelength* between 4000

and 50001. This suggests that the thermalization time of the majority of the opti-

cally excited electron hole pairs is faster than the present 10 -7 sac time resolution.

In Fig. 4 various measurements of A for glassy As2 S3 and SiO2 are compared. The

lover two curves represent A(T)-3K/CvD, where the thermal conductivity X, specific

heat C and Debye sound velocity vD we obtained from low temperature thermal measure-

ments. 6 , 7 The upper curve in Fig. 4 is the phonon m.f.p. at T4K as a function of
aphonon frequency fD' measured for SIO2 by Dieteche and Kinder using monochromatic

phonon generation techniques. Temperature and frequency scales are related by hfD

3kT. As seen in Fig. 4, A obtained from thermal measurements is generally smaller

by a factor of 3-3 than A obtained with the other two methods shown In Fig. 4. The

cause for this difference cannot be addressed here. Ie will rather speculate on the

nature of the scattering wh1ch gives rise to the A-f "2 "9 frequency dependence

observed between fD- 0 and 30 in In S10 2 , with which our result in As 2 S3 at 11.3K,

or at the OquRvalent phone moay of -M700 GR, is consistent.

The strong frequency dependent scattering above fr-..O0 GNs has been attrtbuted
9 10 "9S varieely to structuratl Irrogularities, phono", or tunneling modes. None of
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fo (MWZ) Fig. 4. Phonon mean free path in glassy Si0 2 ,

00 KM As2 S3 and an evaporated As2 3 film.

these can be completely excluded. The Importance

of considering the local glass structure is

#04M stressed here. There exists considerable evidence

L 1o" for remnants of "crystal-like" or medium-range

order in the glass. Specific evidence for medium-

z K-m A-3 range order in As2S3 was obtained from two-phonon

z POIL Az% vibrational and nuclear quadrupole resonance
0 studies.S:1 1 .12
X studies. Additional information comes from
. 10 AsS~ far infrared absorption measurements in glasses,13

where correlation lengths f-102 for As2S3 and -202
i0o.  for SiS2 can be defin d. Such correlation lengths

1 2 5 10 20 represent an average spacing between static or
TE RATURE{K) dynamic charges in the glass and can be a direct

consequence of medium-range order. Recently Phillips 14 has further advanced the con-

cept of medium-range order with specific topological proposals. Ribbon-like poly-

meric structures (rafts) proposed for As2S3 do indeed exhibit a dominant width of

-101 which to comparable to £. Phonon scattering would deviate from Rayleigh-type

scattering15 (.~f- 4 for spheres) for phonon frequencies fv D/21r. For t-I0 and

vD'l.7 zlO cm/sec- 1 this yields f>300 Gz. More detailed estimates will be compli-

cated by nelastic processes8 as well as the high anisotropy of the scattering struc-

tures.
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LOW-TEMPERATURE ACOUSTICAL PROPERTIES OF Na DOPED 8-A12 03

J.-Y. Prieur, P. Doussineau, C. Frenois, A. Levelut and R.G. Leisure*

Laboratoire d'UZtrasone, Viverait4 Pierre et Marie Curie, Tour 13, 4 place
Jussieu, 75230 Paris Cedex 05, France

Department of Physics, Colorado State University, Fort Collins, Colorado 80523,
U.S.A.

Abstract. - We measured the attenuation and velocity variations of ultrasonic
waves, propagating parallel to t e conduction plans in a Sodium doped 0 Alumi-
na crystal. The three pure modes have been used. The results are well explain-
ed in the framework of the "two level system" (TLS) theory developed for
amorphous compounds for all the temperature range studied (T < 70 K). In the
lowest range of temperature we observed the logarithmic variation of the velo-
city (T < 5 K). Then for 15 < T < 70 K, we observed a linear variation of the
velocity and a plateau for the attenuation variation, the height of which
increases as the first power of the frequency. We clearly identified this
plateau with the one which was theoretically predicted for the part of the
sound attenuation due to the relaxation of the TLS and which is a direct proof
of the distribution of the coupling constant for TLS of given energy. However
we show that the relaxation of the TLS involved the direct process for T < 10K
and the Raman process for T > 15 K. The consideraction of the Raman process
and of the elastic anharmonicity let us explain the velocity variations in all
the temperature range studied. (1]

[1] Amorphous-like acoustical properties of Na doped B-A1 2 0 3 .
P. DOUSSINEAU, C. FRENOIS, R. 0. LEISURE, A. LEVELUT and J.-Y. PRIEUR
J. Physique 41 (1980) 1193-1211.
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VIBRATIONAL DENSITY OF STATES OF AMORPHOUS AND CRYSTALLINE LIQUID

CRYSTAL SUBSTANCES

A.V. Bielushkin, I. Natkaniec
, V.K. Dolganov* and E.F. Sheka*

Joint Institutejfor Nuclear Research, 141980, Dbna, USSR

Institute of SoZi State Physia, Acad. of Sciences of the USSR, 142432
Chernogotovka, USSR

Abstract. - We have measured by the TOF neutron spectroscopy method the am-
plitude-weighted frequency distribution function of the glassy and crystalline
phases of the EBBA, MBBA and PAA compounds. Evident changes in the vibratio-
nal density of states in the frequency range up to 300 cm-1 are observed when
passing from the amorphous to ordered crystalline phases. The partly deutera-
ted d6-PAA spectrum have show, that these vibrations are due to translational
and librational motions of the whole molecule and due to low frequency oscil-
lations of the end groups of the molecule.

Liquid crystal (LC) substances dependent on their thermal history may form different

solid modifications. The PAA, OBA and EBBA compounds are the most frequently studied

LC substances and they are known to have different polimorphic crystalline phases,

see ref.(l-3) and refs therein . By the fast cooling of the mesophase of these sub-

stances a glassy state (GLC) is formed. The X-ray and neutron diffraction methods as
well as optical spctroscopy ones were used to investigate these GLC materials(2-6).

It has been shown that the molecular structure and order parameter of the GLC are simi- -
lar amun the nematic phase of LC. The GLC state is metastable at low temperatures and

may be transformed into the ordered crystalline phases without the melting of the

substance. This transformation can be stopped by the lowering of the temperature.

So, any intermediate partly ordered state my be studied. Since the GLC systems exist

at low temperatures, where the anharmonic effects and multiphonon scattering proces-

ses are strongly reduced, they are more suitable for dynamical studies, than LC sye-

tes. Here we present the amplitude-weighted frequency distribution function G(6) (7)

of the GLC and crystalline states of the most popular LC substances.

The inelastic incoherent neutron scattering (IINS) spectra have been measured

using the KDSOG inverted geometry time-of-flight spectrometer at the ION pulsed re-

actor of the JINH Uubna ( 8 ) . The samples of EBBA, NBBA and PAA were poured in the

aluminum containers of about 0.8 mm thick and with the 180 x 160 m rectangular cross

section. The GLC phases were produced by the dip in liquid nitrogen of the container

placed at the bottom of the helium cryostat. The IINS spectra have been measured at

5 K at seven scattering angles from 30
° to 1500 every 200 simultaneously. Recently

some of the IINS spectra from the MBBA sample were published (9 )

The mensured IINS spectra have been transformed into the GH(6) function accor-

ding to the one-phonon incoherent scattering cross section formula. Such e9proxima-

tion is justified by the fact that IINS spectra of molecular crystals below 300 om "I

aPermnet address Institute of Nuclear Physics, 31-342 Krakow, Poland

_ - _T . 21
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measured at 5 K agree well with calculated ones~1 O '1 l ). The resolution function of

the KOSOG spectrometer in the mentioned frequency range cks not disturb significant-

ly the GH(6) function. The singularities of this function correspond to those of the

function of phonon density of states (0-12) . So, we believe that the spectra pre-

sented here reflect the behaviour of the vibrational density of states in different

phases of the LC substances.

Fig.l: The hydrogen-amplitude
G AGA weighted density of statesA 

GH(E) functions obtained
4 V ", from the IINS spectra of dif-

ferent solid modifications
2 of the MBBA (p-methoxybenzy-

lidene p, n - butylaniline)
A compound.

A is the GLC sample obtained
from the isotropic liquid by
the fast cooling.

2 B is the GLC sample obtained

* ..- from the nematic LC phase by
C jthe fast cooling.

C and D are the stable and
metastable crystalline modi-
fications, respectively (seeA refs. 1 and 3).

e is the neutron energy
* transfer in cm-1

Horizontal bars correspond to
the FWHM of the resolution

* - - - - 5 - -- function of the KDSOG spec-
28 60 So W110 M 20 M 400 500 trometer.

The GH(E) functions of the MBBA and EBBA compounds are shown in Figs.i and 2,

respectively. One can see that the transition from the GLC structure to crystalline

order does not change significantly the GH(E) functions. Thus the large changes in

vibrational spectra of the different solid modifications measured by the optical

spectroscopy methods (3 -6 ) are due to the loss of spatial coherency of vibrations and

not to significant changes of the vibrational density of states.

- - - r : The H(I) functions of thed~l" - t eIA EBBA (p:-ethoxybenzylidene p~n -

. butylaniline) compounds

A A is the GLC sample obtained
from the nematic LC phase by
the fast cooling.

a s e stable arystline phase(am ae f.).

6 a
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Fia. 3.: The G1 (E) functions of

%li.A the PMA (p-azoIyanizo I.) compo-
und:

2S PAA
T- SK A is the sample obtained from

16 NA P-.~. the nematic LC phase of the nor-
*mal d -PMA (CH 3 -PAA) by the fast

cooigg.

_________________ B is the stable crystalline
0*sample of the d 0-PAA and part-
IS. W ~~~ly deuterated d 6_A C -A)

CHS** The PAA spectra will be discus-
sed in detail in the separate

s publication by A.V.Bielushkin,
E..ohnov, A. I.Kolesnikov,

Cof-PA1 I.Natkaniec, E.F.Sheka and
119___ 2___________ !__________ S.Urban.

The essential changes of G H(E) after the transition to the crystalline state

occur in low frequency region (E < 300 cm-1 ). Vibrational density of states of the
GIC substances seems to be a linear function of frequency at E - 0. In Fig.l the
slope of this function fitted to the spectrum of the sample coaled from isotropic
liquid is compared with the spectra of other solid modifications. The distinct maxi-
ma in the spectra of crystalline samples at the 5)> 100 cma1 should correspond to the
internal molecular vibrations. These low frequency bands undergo a considerable broa-
denning when passing to the GLC state.

The comparison of the spectra of normal and partly deuterated samples of crys-
talline PMA (see Fig 3) show us that the lattice vibrations of this substance cut- i
off at about 140 cm . The internal vibrations of this molecule in the frequency
range below 300 cm-1 belong mainly to the oscillations of the end-CH 3 groups. Wue ho-
pe that the study of the ZINS spectra of partly deuterated LC substances will help
in the assignment of these oscillations and will serve to the better understanding
of molecular conformations in different modifications of these substances.
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ULTRASONIC ABSORPTION AND DISPERSION IN AMORPHOUS SUPERCONDUCTORS

W. Arnold, A. Billmann*, P. Doussineau*, C. Frenois* and A. Levelut*

fBiawhofer-nstitute, 6600 Saarbrclcken, F.R. G.
*Universitd Paris VI, Laboratoire d'Ultrasone, 75230 Pari8, France

Like disordered Insulators, amorphous metals contain tunnelling centers (TLS) which

dominate their low-temperature properties. This has been shown mainly by ultrasonic

experiments /1/. In contrast to amorphous insulators, tunnelling centers in a-metals

relax very rapidly due to their coupling to electrons /2/. It is obvious, that this

coupling could be verified in amorphous superconductors.

The effect of superconductivity on the acoustic properties of a-metals has been cal-

culated recently /3/. For instance, the absorption of ultrasound is predicted to

drop rapidly for T < Tc relative to the value in the normal state. The origin of

this effect is explained in the following way: the acoustic wave perturbs the popu-

lation difference of the TLS and therefore gives rise to a relaxational process. In

the normal state the relaxation time T1 of the TLS is extremely short because of the

strong coupling between TLS and electrons. Due to the pair condensation for electrons

this relaxation channel disappears in the superconducting state: T1 becomes longer I
and the resulting attenuation is modified greatly.

In order to verify these predictions, an experiment has been carried out on a-PdZr

alloy (Tc a 2.62 K), using longitudinal waves of frequencies 42WF, .74 GHZ and

1.3 G9z /4/. As expected, at very low temperatures (T .4 K) the relaxation attenua-

tion becomes very small and magnetic-field dependent up to field strengths of the

order of Hc2, Increasing the temperature, th attnuation rises rapidly and reaches

the normal state value at a tempeature Tn "hich, surprisingly, turned out to be much

lower than Tc (Fig. 1). Here, we present an explanation of this unexpected behavior.
We show that it is necessary to take into account not only the relaxation of the TLS

by thermally excited quasi-particles still present at T < Tc, but also the relaxation

of the TLS by themal phonons. Moreover, it is necessary to involve a stronger TLS

electron coupling than previously assumed. Furthermore, we corroborated these ideas

by carrying out an experiment in a-CwZr with a low Tc (. .4 K), such that the role

of phonons becomes almost negligible.

Our uplanation of the experiments in PdZr Is based on the following lypotheses:

a) ham the relaxation of the. TLS caused by the electron is dminant (H > Nc2), the
relaxation rate becomes so strong that even at the lowest temperatures ( .4 K)

I. . lie . I iI .
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the condition wTm (c I holds and the
attenuation is then weakly temperature-

dependent. This is a consequence of I'
the distribution function of relaxation

times P() inherent in the tunnelling 1X It 79

model, and Tm. is the fastest relaxation * Z,
time of this distribution.

b) When the relaxation of the TLS by elec- :t

trons is suppressed (H = 0, T < Tc ),  0L

the contribution of the thermal phonons 01 02 0.5 , 2 5

to the relaxation rate becomes noticeable.

At the lowest temperatures it manifests Fig. 1: Ultrasonic absorption in PdZr

itself by a TO-dependence of the attenua-

tion. indicating that as in insulators the one-phonon process dominates /5/.
c) At T > 1.5 K the relaxation rate even without any applied field is so strong that

WT., a I holds and a plateau is obtained for the attenuation.

We have carried out numerical calculations which can be found in detail in /6/. For

the calculation of the relaxation attenuation we use the following equation /3/:

Ir' z m d(13E) sMMh#?[E) (1)P'T

Here N is the number of TLS per unit volume a4"energy, P is the density of the mate-
tie), v is the sound velocity, p- (kT) -1 , Y is the deformation potential between TLS

and phonons. 2E is the level splitting of the TLS. Similarly, the relative change

of the sound velocity is given by:

AVIV =- fd(P3E) secM0(02 I -PM (2)
r

f I. +# W 22rEXT

In Eqs (1,2) the relaxation rate Tilis now determined by two mectanisms:

i) by electrons (-4T) and for T<Tc by quasi-part' es (essentially -4expf-Tc/T) and

ii) by phonmos (-cr 3 ) /St. Assuin YouO.8 eV and a rather strong coupling of Pvy-

0.8 betwen electron wad TLS, we calculate the solid lines in Fig. I which agree very
well with tie experimental curves. Maving a closer look to the behavior of the ab-
vorption in the vicinity of T, we can say that it is in particular the strong coup-
ling of the iLS to etectrons which dominates the relaxation mechaIsm at Tc, although

the phonos still contribute. Because wTm. already * 1, the relaxation absorption

exhibits a plateaw, whatever the relaxation process might be /5,6/.

We have ela calculeted the relative variaten of thw velocity of sound as a function
of tomprature (Eq.( ))u sing the parumitlrs deduced for the fit of the attenuation

, . ' ; 1 , . 40.-
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(Eq.(1)). We added the contribution due to resonant

interaction of the TLS with phonons, which varies

as C In (T/T0 ). To is a reference temperature.

The result is that at T the velocity should show a .
3*

change of slope in contrast to behavior of the ab- I
sorption. This can easily be explained. Provided

w 7a 1, the inner integral in Eq. (2) results in

ln(wTO (ET)) /6/. Therefore the relaxation rate is

still explicitly present in the velocity through

T, which of course contains the rapid change of T 1  Cub T..4K

caused by the electrons at Tc, and the change of ma- V."8u

slope depends on the relative weight of the phonon

and electron processes. In order to verify this, we

have carried out an experiment in the amorphous super- Ta

conductor Cu6Zr40 with a Tc - 0.4 K (transverse waves Fig. 2: Av/v in CuZr,

w/2Tr= 740 MHz). As can be seen in Fig. 2, only the solid line: theory

familiar logarithmic contribution ( . C In (T/T0 ) due

to the resonant process plays a role below 200 mK. With increasing T, however, the

contribution of the relaxation process becomes noticeable. Because T1 changes rapid-

ly with T, and also because the relaxation process decreases the sound velocity with

increasing T, the total change of velocity passes through a maximum and then de-

creases with increasing T. For T > Tc, however, T1 only contains the weak temperature

dependence due to normal electrons. Then, at temperatures for which wTm o I holds,

a v/v is given by - C/2 In (T/T ). Adding the contribution due to resonant interac- 1
t-don which is still present, this results in a positive slope of exactly one half of

its magnitude at low temperatures, which we indeed observe experimentally.

* In summary we have shown experimentally and theoretically that tunnelling centers

In an amorphous superconductor do couple to electrons as originally proposed /3/.
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ENTROPY OF DISORDERED SOLIDS AT LOW TEMPERATURES

R. Zeyher and R. Dandoloff

Mx-Plank-Institut fur Festkarperforsechng, 7000 Stuttgart 80, F.R.G.

Abstract.- It is shown that the complete set of low-lying collec-
tive excitains in a disordered solid yields in general a lead-
ing term -T in the entropy and the specific heat at low tem-
peratures.

Omitting electronic degrees of freedom the Hamiltonian of a solid

has the form

H NE p
__ + V6(1)..... '(N))()

A-i 2 M(A)

The index A counts the N atoms and M(A) is the mass of the atom X
u(A) denotes the displacement of the atom A from its rest position

(o) (A), p(A) are the corresponding momenta and V is a general poten-
tial. Eq. (1) assumes implicitly that the u's are finite and there-

fore that no mass transport is possible. As a result Eq. (1) cannot
describe for instance an ionic conductor at high temperatures. At low
temperatures all the atoms of a solid however can be assumed to be
localized ( in an "ideal" ionic conductor for instance the atoms are

localized because of Anderson localization caused by unavoidable
small fluctuations in the periodic potential and the large mass). The
Hamiltonian (1) is therefore quite general for the discussion of low
temperature properties. It includes in particular cases where no har-

monic approximation exists or where the density of lattice sites and
the density of particles must be considered as independent variables.

The Hamiltonian of Eq. (1) has several branches of collective,

low-lying excitations caused by conservation laws and broken symne-
tries: a) The Fourier transform of the momentum density p( ) is con-
served in the limit t-o; b) The introduction of rest positions
-(o) (A) breaks the translational symuetry which is restored again by

the displacement variables U( ) in the limit t-o; c) The energy densi-
ty e(t) is conserved for ;o; d) Assuming an one-component solid the

total mass density n() is conserved for i-o.

1
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As a result of a) and b) there are three branches of propagating

sound waves with linear dispersion and imaginary part -k2 . At low tem-

peratures they yield a contribution -T3 to the entropy which is the

usual Debye law. As a result of c) solids exhibit a collective diffu-

sion mode describing the dissipation of entropy. This mode has a weight

ca2 (T), where a is the thermal expansion coefficient. If the third

law of thermodynamics is valid, + W= o and the corresponding contri-

bution to S is unimportant at low temperatures. Ref. 1 assumes 4

a(T) 4- o. It follows then from general thermodynamic arguments that
S - T. However we can show that under rather general assumptions this

case will not occur in real solids s~ewill discard it in the following.

d) yields ( for an one-component solid) an additional diffusion peak

which describes structural rearrangments of the atoms and has been

discussed in Refs. 2 and 3. Assuming that the corresponding suscepti-

bilities and the transport coefficient is nonzero at low temperatures

we calculate in the following the contribution of this diffusion mode

to S at low temperatures.

The leading term in the entropy at low temperatures can be calcula-

teJ from the relation (kB-=1)}B
S(V,T) dx xex A(xT,V), (2)f r(e X-1 ) 2

A(w,V) = Im GaS(AX',w+in) Re(Gs (A',X,w+in)) +

+ Im in( -G: 1 I(A,A,w+ir)) (3)

G S(A,A',w+in) is the retarded Green's function associated with the

displacements ua (A) and u a U). The inverse G - is to be taken with

respect to the labels (A,A'O), In is the logarithm and Im the imagi-

nary part. It is also understood that the spectral functions of G are

to be taken in the limit T-o so that the T-dependence is due to the

first argument of A i, Eq.(2).

Eq. (2) shows that the smal] T behavior of S is determined by the

small w behavior of A. Assuming that only the long-range spitial part

of G is important ( this assumption cab be verified later) it is possi-

ble to use for G in Eq. (3) only its "hydrodynamic part". If the third

law of thermodynamics holds the energy fluctuations can moreover be

omitted at low temperatures. The interesting longitudinal part of G

assumes then the form in k-space:
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z + iDk
2

G(i ,z) = z3 -z 2 2)

z3 -zk (cl1 +a2)+iDk (z - 2 k2

CL anda2 are static susceptibiliites: .. 2 and describe the

bare and the renormalized sound velocity, respectively. D is the trans-

port coefficient associated with the extra mode.

Transforming Eq. (3) into k-space and inserting Eq. (4) the k-inte-

gration can be carried out in the complex plane. The leading contribu-

tion AS to S is for ai1<a2 :

/,-[2 \3/2

AS = 75 - (5/2)V iI T3 / 2  (5)
384 2irD0a

where C is Riemann's zeta function and V is the volume of the solid.

Because of C = T 6S/6T we find that the leading term in C V should
3Y2 3also be =T'. The next term in S is =T and contains in particular

the usual Debye contribution.

Experimentally extra contributions to S of the form aTa with

I 4 a Z 3/2 have been found in glasses, amorphous semiconductors and
5metals, polymers, superionic conductors, and ferroelectrica. A charac-

teristic feature of these solids is that some of the atoms can make

"large" (i.e. of the order of the bond length) displacements. This

also is just a condition that the above extra mode should be impor-
tant 2'3 . Nevertheless the application of our theory to the above solids
is difficult because a, and D are presently unknown am. have so far

also not been calculated within theoretical models.

References:

1. P.V. Giaquinta, N.H. March, M. Parinello, and M.P. Tosi, Phys.

Rev. Letters 39,41 (1977)

2. P.C. Martin, 0. Parodi, and P.S. Pershan, Phys. Rev. A6,24oi(1972)

3. C. Cohen, P. Fleming, and J.H. Gibbs, Phys. Rev. B13,866(1976)

4. P. Fulde and H. Wagner, Phys. Rev. Lett. 27,128o(1971)

5. D.A. Ackerman, D. Moy, R.C. Potter, A.C. Anderson, and W.N. Lawless,

Phys. Rev. B23,3886(1981), and references therein.

. . .. i i I-;.-'..



JOURNAL DE PHYSIQUE

Colloque C6, suppldrnnt au n*12, Tome 42, d~cembre 1981 page C6-43

RAMAN STUDY OF THE ANHARMONICITY AND DISORDER-INDUCED EFFECTS IN

Gal_xAlxAS

B. Jusserand, J. Sapriel, F. Alexandre and P. Delpech

Centre National d'Etudes des T16conmnicatione, 196 rue de Paris, 92220
Bqgneuzx, France

ABSTRACT.- Raman measurements of the frequency shift and profile
variations versus temperature are interpreted in termsof anharmo-
nicity and disorder. Several disorder activated longitudinal and
transverse acoustic modes have been observed and assigned. A des-
cription of their resonant behaviour is also given.

l.Study of the first-order Raman lines.-

The emergency of a low-energy tail in the LO-lines has been alrea-

dy reported in GaAlAs. In order to analyze the origin of this asymme-
try we have investigated the frequency and profile of the LO peak in
GaAs and Ga 0.73A0.27As as a function of the temperature T.

The effective half-width r and the anharmonic shift A of a Raman
peak of frequency w are respectively given by Rel (1) and (2)

r =r 1 + r3 (1)
= BT + A 3 + A4 (2)

r3 is due to cubic anharmonicity and r is a damping independent of T
due to other attenuation processes. Ouartic anharmonicity is neglected

in (1) as it gives rise to higher order contribution to the linewidth;

A3 and A4 are the shifts due to cubic and quartic anharmonicity respec-

tively and ST is the contribution of the thermal expansion. The cubic

process consists of the decay of the optical phonon into two acoustic

phonons of frequency w/2 and of equal and opposite wave vector. For a-

coustic phonons whose wave vector is far from the Brillouin zone

edge, where frequency-independent density of states can be reasonably

assumed, one finds ? 3

r3 = r t2n(w/2)+13 (3) A = - r3 A(q) (4)

n is the thermal population factor n(w) - [exp(hw/kT)-l) I q is the

reduced wave vector of the acoustic phonons involved in the process

and A(q) = [1/(4q 4 ) + 1/(3q 3 ) + 1/(2q 2 ) + l/q + in (1/q -1)] /, (5)

Relations (3)-(5) are valid in the case of the LO and TO modes

in GaAs and in the case of the GaAs-type modes in Ga ixAl xAs where
q f 0.5. The constant B of equ.(2) is calculated from data of the lite-

rature relative to elastic constants, thermal expansion and Raian slts

Now~,e |i| |i
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under hydrostatic pressure in GaAs. One finds B = -0.58x10- 2cm-lK -1.

Raman scattering experiments of the LO and TO modes in GaAs and of the

LO GaAs-type in Ga0.7 3Al0. 27As have been performed
3between 20 and 450K.

The peak frequency and the profile have been carefully investigated.

Fitting rel (1)-(5) to our experimental results, we found A4 negligible

with respect to A and obtained the values of ri',ro and a (11-w-A is
the frequency of the phonon in the perfectly harmonic lattice) which

are reported in Table 1.

1 -1 3 -1 -1cm cm cm
TO in 0 0.24 273 Table 1- Parameters determined
GaAs by filting our experimental re-

LO in sults to relations (M)-(5) ;
0.28 0.26 297 the anharmonic contribution to

GaAs the residual low temperature
GaAs-type 287 damping is expressed by r.

.11 0.28 73.
mode for
x = 0.27

One can see that r0 has the same value in GaAs and GaAlAs. The
anharmonicity is not affected by the disorder. The asymmetry of the LO

mode in GaAlAs is not a consequence of the anharmonicity. Complementa-
ry experiments on several samples for x in the range 0-0.5 have che-
cked that the asymmetry was temperature independent. It is interpreted
as a disorder induced effect, the low-energy tail being due to contri-
bution of LO phonons in the vicinity of k=0, whose energy is smaller.

A phenomenological model of this effect is given elsewhere 3.
2. Study of the disorder-activated acoustic modes. As one approaches

the middle-range concentration in Gai Al As, new modes appear in the

low-frequency part of the Raman spectra which are very weak and clear-
ly resolved only under resonance conditions. Such conditions were rea-

lized in a Ga0.2 5A10.75As sample since the extrema at k - 0 of the I
conduction and valence band are, for this composition, separated by an

amount of energy which lies in the range of the argon-ion laser emit- I
ting lines. The results are given in Fig.1 for the 4880 ; and 5145

laser lines at different temperatures. One can notice two sets of li-

nes : one around 200 cm-1 which compares well to one already reported
(dotted line in Fig.1) generally attributed to the disorder activated

longitudinal mode (DALA) and the other, never reported before in
Gal, Al As, which is situated between 70 and 135 cm .i.e. in the
short-wavelength transverse acoustical range and which we interpret

as a disorder activated transverse acoustical band (DATA). The peaks

I,II,III,IV,V of Fig.1 have not a second-order Raman behaviour versus

temperature and one can notice that the variation of their intensities

are related to the difference between the energy of the incident pho-

" ' ". , i " ., .
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ton and the value of the gap at k=0. The increase of these intensities

is only a consequence of the tuning of this gap to the incident light

when the temperature is made to vary. Peaks I-V are therefore first
order Raman lines which reflects the density of states . A linear in-

terpolation between the values of wTA(L) and w A(X) in GaAs and AlAs

gives : W TA(L) = 75 cm- 1 and wTA(X) - 97 cm- for x = 0.75.
These values are very close to the frequencies of peaks I and II, who-

se assignment is straightforward. Peaks IV and V situated at 200 cm
1

and 210 cm- I can be assigned as the LA(L) and LA(X) modes. Peak IV is

the same as the peak reported in Ref.4 . Peak V is an additional one

which undergoes a resonance clearly stronger than all others. We report

in Fig.2 the intensity variations of the Raman lines at 80 K for five

Ar+ laser lines. The resonance behaviour of line I,II,I Iand IV is qui-

te similar to that observed for the GaAs-type and AlAs-type LO modes

in the allowed configurations though line V has a "forbidden resonant

behaviour". The polarized Raman study shows a r1 symmetry for the DALA

structure as predicted theoretically. The DATA structure is preferen-

tially rl polarized although the theory predicts strong components r12
and r 510 - Xi

r15'"Y=

I-

--------------------

.."... :M , ... .........
... .................-. . ........ ,3...I, ... ... .. ....

50 M47M WM 5250
FRQEC-Sl.FTbwrr #X Z wAYEL wTm (A)

: Disorder-activated longitudi- Fig.2 Incident wavelength
na± -acoustic structure (DALA) and dependence of the intensity.
Disorder-activated transverse-acous- xAlAs-type LO (FC).
tic structure (DATA) in G 0 . 2 5A10. 7 5 AS  @AlAs-type LO (AC).
Peaks I,II,IV and V are assigned as OGaAs-typ LO (FC).
TA(L), TA(X), LA(L) and LA(X) respec- *GaAs-type LO (AC).
tively. A Peak V (x0)

&Peak I,II,IV (xiO) and III (x50)
FC v Forbidden configura-

tion.
AC : Allowed configuration.
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PHONON-LINE-SHAPE AND DISORDER CORRELATION IN MIXED GaPlxAsx

M. Teicher, D. Schmeltzer and R. Beserman

Solid State Institute and phyeice Dept., Technion, Haifa, Israel

Abstract. - The disorder of GaP1 _x Asx is evaluated from the double phonon

spectrum and compared to the amorphous material.

Combinations between zone edge Raman active phonons are used to define the

disorder in a mixed crystal. These phonons have large "q" and therefore are

sensitive to spatial disorder. The change in line width and shape of the double

phonon spectrum of mixed Gap As is compared to the amorphous Raman width of the

pure components.

Gapl1x As has a two-mode-zone center and zone-edge behaviour. The second order

spectrum of GaPI Asx is composed of combinations of zone edge phonons of GaP alone

and GaAs alone. Figure I shows the spectra of the GaP optical double phonons as a

function of As content. With increasing "x" the spectrum is shifted and broadened,

we shall focuss our attention on this broadening. The same results are obtained

for the GaAs double pheno spectrum.

The normalized Roman spectrum I*) is related to the phonon density of states g(44

by: ",.)W c 1 1

g(94 is the double phonon Raman spectrum at half width. By fitting procedure,
T Cis taken as a phenomenological width. Figure 2 the double.phonon

Figure 2 ~~compares8h oblpoo

spectum of GaF to the amorphous spectrum, the spectrum agrees well with the amorphous

one.

If we make the hypothesis that the disorder which is introduced by mixing GaP with

GaAs, is of the same nature than the disorder created by amorphisation, a correlation

should exist between the widths of the .GaF? sx spectrum and that of amorphous Gap.

On flaur 3, we plot the GaP double phosm vidth as a function of As concentration

this curve extrspolates to the width of the morphous aterial. This result can beat

be umderstood by assmul" that We?(OAs) agreetes lato acrorystallite clusters,

the other component prevents the propeption of the GFP(Gats) pbonos from cluster to
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cluster . This results in the alternation and in the broadening of the

propagating vibrational mode. When the concentration of GaP (GaAs) is small

enough, the clusters are isolated one from the other. the barrier between them
is to high to be overcomed, this is the picture of an amorphous material.

I-I

4P

FIR. I:- GaP double-phonon Raman spectra for
different As concentrations in
Gap 1 bAP

,z-x ex

..
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AMORPH4OUS SPECTRUM

t

WAVE NUMBER (CO-$)

Fig. 2:- Broadened double-phonon GaP spectrum,
compared to the amorphous spectrum of
Gap.
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Fig. 3:- GaP double-phonon line-width, as a function
of As concentration In sized GaP I-*"%-
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INELASTIC NEUTRON SCATTERING FROM AMORPHOUS Fe4OZr60 DOPED WITH DIFFE-

RENT CONCENTRATIONS OF KRYPTON (0,1,7 at.%)

F. Gompf, H.J. Sclidt and B. Renker

Kernforecling zentum Karsr , Intitut for Angewcmd. Krnphysik, D-7500
Yarl ruhe, Postfach 3640, F.R.G.

Abstract.- By means of time-of-flight neutron inelastic scattering techniques
we have obtained the generalized vibrational densities of states G(4w) of un-
doped polycrystalline and amorphous Fe4OZr6O and of amorphous samples doped
with I and 7 at.% Kr. The amorphous compound displays a triangular shaped
G(4*) which is very different from the strongly structured crystalline modi-
fication. Concerning the amorphous alloys, the energetic range of the addi-
tional Kr modes indicates that the Kr atoms are embedded in their host matrix
as single atoms or perhaps small clusters and not as bubbles as was found in
metals.

1. Experiment.- We have produced amorphous Fe4OZr6O undoped and doped with I and

7 at.! Kr using a triode sputtering system as described in /I/. The structure of our

samples was checked by neutron diffraction. No Debye-Scherrer-lines were observed

showing the amorphous state of the materials. By means of inelastic neutron scatter-

ing techniques from powder samples we determined the generalized vibrational densi-

ties of states C(U). The experiments were carried out at the FR2 research reactor

in Karlsruhe using the multidetector time-of-flight spectrometer TOF II. The inci-

dent neutron energy was 5 meV, the 60 He -counters covered scattering angles between

80 and 166 degrees.

To crystallize the alloy we heated an amorphous sample up to about 700OC in UMV.

Neutron diffraction revealed that the material had completely crystallized. The

largest amount had transformed to PeZr2 a tetragonal CoAl2 (Cl6)-type structure /2/

but also minor parts of other phases were pres,-t.

2. Results and discussion.- In Fig. I we show the time-of-flight distribution (back-

ground subtracted) of three amorphous Fe4OZr6O alloys containing 0-i and 7 at.Z

krypton. Towards smaller energy transfers we register a strong enhancement of inten-

sity with rising Kr concentration. In fact even the sample doped with I at.! Kr al-

ready shows a well defined increase. From these scattering data th. generalised vi-

brational densities of states were deduced. They are shown in Fig. 2 together with

G(45a) after crystallization of the undoped alloy. Amorphous undoped Pe4OZr60 has a

triangular frequency distribution which peaks around 20 meV and extends to 40 m&V.

Astonishing is the fact that there is no Debye like behaviour in G(4w) down to our

experimental limit of I m@Y. Thi s shape of G(4%w) is very different from the phonon

density of states curve of the crystalline modification where a pronounced decrease

_____ _____ _____ ___ l___"I i..... - ll_ j
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Fig. 1: Tims-of-flight spectra Fig. 2: Comparison of the vibrational densities of
of ammrphous Ve4OZr60 with states of crystalline Fe4OZr6O A-A with that of the
different Kr concentrations amorphous alloy:e-eundoped,odoped with 7 at.Z Kr

of intensity is registered below 17 meV with a dip at 6.5 meV and a rather sharp

peak at 13 meV. The maximm of G(41u) is shifted to higher energies and now centers

around 23 eV while the cut-off frequency remains the same i.e. 40 meV.

Amorphous Fe4OZr6O with 7 at.Z Kr exhibits additional intensities from I meV up

to 20 smV with a maxisum of 10 meV. From scattering power considerations these modes

have been attributed to the Kr atoms i.e. one expects an intensity gain of approxi-

mately 5Z for the doped sample which is nicely confirmed. For solid Kr the frequency !
spectrum ends at 6 meV /3/ whereas we obtained a much harder Kr spectrum which is

shown in Fig. 3. From this we conclude that the force constants between Kr and the

transition metal atoms must be about 10 times larger

than the forces in solid Kr. If Kr was enclosed in

its host matrix in the form of bubbles it would be
in its liquid state due to its critical temperature.

As the dynamical forces then were of the Van de

Waals type they would be even weaker than for the

solid state. From this we conclude that the Kr-atoms

are embedded as single atom. or at most as very

Fir.: The Kr vibrations small clusters in the amorphous host matrix.

i mrpbos Ve4r60

References.- /I/ l.-J. Schmidt, Z. enrich, T. Fritsch, F. Gompf, B. Ranker, E.Mohs,
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/2/ J. Vincse, F. van der Voude and M.0. Scott, Solid State Comn. 37,
567 (1M)

I$1 J. Skalyo, 1. Irdoh, and G. Shirane, Phys. Rev. 19, 1957 (1974)
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LOCAL ORDER AND DYNAMICS IN LIQUID ELECTROLYTES SMALL ANGLE NEUTRON

SCATTERING

G. Maisano, P. igliardo, F. Wanderliagh, M.P. Fontana*, M-C. Bellissent-uner*
and M. Roth***

Isti2tuto di Fisica and G.N.S.M., Meseina, ItaZy

*Itituto di Fisica and G.N.S.M., Fazm ItaZy

*Labo. "L. BriZlouin" Orwe des Merisiere, Gif-aue-Yvette, France

**I.L.L., 38000 GenobZe, France

The existence of dynamically correlated regions of intermediate range
of ordering was verified for ZnCI2 solutions in D20 by means of small
angle neutron scattering. The data also show the presence of two
characteristic lengths in the solutions for solute concentration
below about 3 Molar. At higher concentration, the secondary "bump"
due to the interference of these two distances disappears, indica-
ting perhaps a percolation threshold. Such result is confirmed by the
detection of a characteristic length in the small angle spectra of
pure D20.

Aqueous solutions of strong II-I electrolytes have been investigated
for some time because of the unusual and strong structure making ef-
fects they show (1). At sufficiently high concentrations, the local
structure in the liquid is imposed by the solute and turns out to be
very similar to the corresponding crystalline structure (EXAFS measu- I
rements). Raman and inelastic neutron scattering spectroscopy (see
also papers Bl-6 and Dl-4 at this conference) show the existence of
solute-connected collective vibrational excitations which indicate
that the range of odering may extend well beyond the mean interionic
separation. These effects may be particularly evident in ZnC12 solu-
tions, and the contrast between ordered regions and the remaining
fluid sufficiently high to make the intermediate range dynamical cor-
relations detectable by small angle neutron scattering.

For monodisperse, spherical, non interacting "regions" the

Guinier approximation to the structure factor yields:

S~;J (Q fV exp. G~ 1

i.e. for Q-*O, the scatred intensity should rise exponentially.
Independently of the details of the Guinier approximation, such a
rise will be indi~ative, in a hoftgeneous system, of density or
concentration fluctutihir "spacial correlations, with characteristic

eAlhouh we performed essurements on ZnC12 , CuBr2 , NiCl solu-

tions, here we shall discuss'aainly the'data we obtained for inCl 2
in D20 and pure D20.

V r"

111iIi I 4I4-11



C6-52 JOURNAL DE PHYSIQUE

Experimental

We have used the D17 and Dl small angle cold neutrons spectro-
meters at I.L.L. Grenoble. The working wavelength was 10 A and the

ranges spanned were 0.O19 Q40.25 1 (with D17) and 0.002 <Q(O.25
A-I (with Dli). Solutions here held in a 2x2xO.l cm fused quartz
cell at room temperature, and were prepared by standard methods.
The data were corrected for empty cell, detector efficiency, sample
absorption.

M

130 -- Cu 8r,.'-/

2= Fig.l - Small angle data in

also CuBr2 , NiCl2 , ZnCl 2
0 0.-!WN .7jsolutions in D 20.

The molar concentra
'7 4tion is 0.1 of the

l Isaturation value.
430 -ZnCt,

In fig. 1 we show the SCoh(Q) behavior at intermediate values of

the "small angle" region (data obtained with D17), for ZnC12 , NiC12 ,
CuBr2 solutions at 0.1 of the saturation concentration. Note the risefor Q-4O and the bump at ca. Q - 0.1 A- 1 . The rise for larger Q's

is duo to the tail of the metal-metal correlation peak and the stron-
ger but more distant water peak in the structure factor. The study
of SCoh(Q) vs concentration shows that the bump disappears for con-
centration higher than about 3 Molar for ZnC12 in D2 0 (Fig. 2).

I

ea*O /ntin

MC!

DO )4,

-lwmbw*soo *, A'"

Fig.2 Small angle scattering data for ZnC12 solutions at
various concentrations. he case of pure D2 0 is also
shown.

I _ _l ll_ _"_. ...._ _ _ __..._ _...._l - _ _..._iI_
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These results indicate that:

- In the solutions there are dynamically correlated regions with fair-
ly well defined range do.

- The secondary maximum suggests that such regions are themselves spa-
cially correlated with a characteristic distance d.

- Using a dumbell model (Guinier) to perform a preliminary analysis
of the spacial correlations yielding the observed SCoh(Q) shape,
we obtain d./dwO.7 with d%50 X for cmlM.

- The regions loose their identity and merge into an "infinite clus-
ter" at c A.M. This effect may indicate the existence of a percola-
tion limit in this system.

The small angle spectra obtained for D20 confirm the validity of
the application of percolation theory concepts to these systems.
Since the data shown in Fig. I for D20 were not sufficiently accurate,
we repeated the measurements using the high resolution Dll spectrome-
ter. Actually the measurements were repeated for the solutions also,
and the data are still a under analysis and will be reported else-
where. The data for D20 show a clear rise of SCoh(Q) all the way to
0.01 J-. OV L D . L95 K

Fig.3 -

Very small angle scattering

for pure D20 (Guinier plot).

.... - ''I,

In Fig. 3 we show a Guinier plot of the data. From the slope of the
straight line fit of SCoh(Q) for Q1.0.01 X- we obtain

RG a 35 A (2)

This result confirms and extends to low Q's the results obtained by
Bosio et al. (2) by means of Small Angle X-Ray Scattering (their
lower Q limit was -'0.015 A-), which they interpreted in terms of
the recently proposed site percolation model for water (3), in which
tetrabonded sites tend to clusterize (forming low density patches).

The sharp rise Sn 5coh(Q) at the smallest Q's (which would
yield an apparent coherence length of about 600 A) is not understood
at present: it %ay be due to interfacial effects between water and
the cell walls.

1) Most relevant refevreces cam be found in .P.Fontana, G.Maisano,
P.Migliardo and F.Wanderlingh, J.Chem.Phys. 69, 676 (1978).

2) L.Dosio, J.Teizeira, H.E.Stanloy, Phys.Rev.Lett. 46, 597 (1981).
3) H.E.Stanley, JTeixoira, J.Chen.Phys. 73, 3404 (1980).



JOURNAL DE PHYSIQUE

Colloque C6, suppl4ment a n 0 12, Tome 42, d4cembre 1981 page C6-54

RAMAN SCATTERING IN ANNEAL STABLE AMORPHOUS SILICON

S.T. Kshirsagar* and J.S. Lannin+

Department of Physics, Pennsylvania State University, University Park,
Pennsylvania 16802, U.S.A.

Abstract.- First order Raman scattering measurements are reported on anneal
stable amorphous Si prepared by chemical vapor deposition. The results
indicate substantial modifications of the Raman spectra relative to a-Si
prepared by other methods. The results indicate improved short range order
in CVD a-Si resulting from a narrowing of the bond angle distribution.
Similarties to a-g 1ixHx spectra suggest improved short order in the hy-
drogen alloys.

1. Introduction.- Lattice dynamical calculations of amorphous semiconductors as

well as metals have emphasized the important role of short range order on the

phonon density of states and it relation to crystalline solids.1 A number of

models for amorphous (a- Si and Ge have been developed in the past with the goal

of obtaining the radial distribution function as well as properties, such as the

phonon density of states. The implicit assumption in these studies is that one

correct model is appropriate for elucidating most of the physical properties of

these systems and that 'extrinsic' effects, such as void, defects and impurities

are responsible for the diversity of electrical and optical data. Detailed

radial distribution function (rdf) studies3 in a-Ge, in fact, indicated that

rather small changes in short range order arise with deposition conditions. In

addition, Raman scattering studies reported in a-G and a-Si prepared under a

variety of conditions have suggested that the vibrational and Raman spectra are

relatively insensitive to small changes in local order.4 Recent interest in a-

8i1 _K3 alloys has raised the question of whether H modifies local order in these

systems both in term of saturating dangling bond defects, as well as modifying

the network stsutuo. In this study we report on Raman scattering measurements

perfoame on the annel stable states of a-8i and a-Ge. hs the anneal stable

state is believed to correspond to that of lowest free energy prior to crys-

tallisation, it is of particular interest for models which consider energy re-

lazation in their construction as ml as for lattice dynmical studies. he

present results emphasise, in contrast to earlier studies, that considerable

'intrinsic' variations in the vibrational density of states and Raman spectra

occur and that theme are a consequence of mall changes in short range order.

The results farther seMt that the pressines oat in certain a-Xi alloys results

+ Supported in pert by OW aint of 7906390 and by gnu Watract W- -901o-S.
Preseat addre s s, eatiomal Chemical Laboratory, Poos, 411006, andia

_ _ _ _ _ ____ _ -'__ _.,
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0 200 400 GOO in an improved short range order.

2. E3periment.- Two forms of a-Si are
5 sptr. o-Si

- HH reported here, one prepared by conven-- -- VHI tional planar rf sputtering at 7m Torr
(a)

(a3 /onto a substrate whose temperature is

3 /=120 C, and a second form prepared by

/- chemical vapor deposition (CVD) onto

substrates above 520 C. The latter

samples were obtained from Prof. B. 0.

Seraphin and have been extensively

5 CVD a-Si characterized.5  Their H concentration
- HH is -0.2-0.7 at. %. Raman scattering

(b) measurements were performed on a Spex

third monochromator system using

5145 A excitation at room temperature.
// 3. Results and Discussion.- In Fig. 1

the Stokes spectra of CVD a-Si is coo-

pared to that of the film prepared by

0 200 400 600 rf sputtering. The spectra clearly
W Chc"1) indicate that substantial variations

in both the VH and HH Reman components
Fig. Comparison of the Raman spectra
of rf sputtered a-Si (T = 1200C)(a) occur in the anneal stable CVD a-Si
dnd CVD a-Si(b). The solid curves material. This is particularly mani-
represent HH and the dashed curves VHi
spectral componerts. feet by large changes in the width of

the high frequency peak centered at
-475 cm which corresponds to the

crystalline TO peak of the density of

states.4  In addition, the relative intensity of the low frequency T-like peak

is considerably reduced in the CYD a-Si fila. Such large changes in the RaMn

spectra of a-Si contraat with earlier measurements which suggest ed no apparent

changes in the spectra with preparation conditions.4 Meek has performed theor-

etical calculations6 of the phonon density of states of a number of models7 of a-
Go that vary in short range order by their bond angle variations, ABram, as well
as topology. These calculations, which employed a modified bond charge model,
indicated that AO and not topology (ring statistics) determined the form ofrme
the phonon density of states. While these calculations were performed for a-Ge,

they are also applicable to a-Si, given similarities in short range order2 and

vibrational or Raman spectra. The results of Meek imply that modifications of

the high fzequay widths of the TO-like Raman band are attributable to changes
in A6 e . Thus the increased scattering intensity at low frequencies as well as

the high frequency band width in the sputtered film indicate increasing disorder

relative to the anneal stable CVD material. The increased order in the latter is

--; ; I I-] I I-. .- I , , II"
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attributed to small changes in the bond angle distribution, since rdf measure-

ments in a-GA suggest that rather small modifications of this parameter ( lV0)

are likely. 2he decrease in the low frequency scattering for the CVD a-Si may
also be a consequence of changes in the Raman matrix elments, particularly for

the depolarized, VH eoponent. In the limit of tetrahedral symmetry the depolar-

ized scattering from low frequency body bending type modes vanishes. 9 Similar

trends to Fig. 1 are also observed in the Raman spectra of anneal stable a-Ge

prepared by annealing evaporated films. 10 However, a more detailed analysis of
the stray light background is required at low frequencies for quantitative

changes to be assessed.

The Raman spectra of CVD a-Si shown in Fig. 1 are similar in form to those

obtained by Tsai and Menanich1 1 on a glow discharge deposited a-Si H alloy.

In particular, the trend of decreasing TO-like width and T-like intensities is
observed. This clearly suggests that the presence of H in the glow discharge

deposited film improves the short range order relative to unalloyed a-Si prepared

by other methods at the corresponding substrate temperature of -230 C. As the

CVD a-Si film is prepared by high temperature SiH4 decomposition it is possible

that both the high tempeLature as well as the presence of H or SiH intermediates
also influence the short range order. Some small differences in TO-like width of

-10% exist between the CVD a-Si and the glow discharge Raman spectra that suggest

somewhat greater local order in the latter hydrogen alloy. 1 0

We wish to gratefully acknowledge Prof. B. 0. Seraphin for the CVD a-Si

samples.
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VIBRATIONAL DYNAMICS IN IONIC LIQUIDS

F. Aliotta, M.P. Fontana*, G. Maisano, f. Migliardo, C. Vasi and F. Wanderlingh

Istituto di Fisica and G.N.S.M. del CXR, Universitd di Messina, Italy
*I8tituto di Fisioa and G.N.S.M. dot CNR, Univereitd di Pa, i, Italy

In recent years, the chemistry and the physics of ionic liquids as electrolytic
solutions and molten salts, have been widely studied because of the structural peculiarity
of these materials. In particular, as far as aqueous strong electrolytes solutions of 2-1
transition metals ( e.g. NiCI_,CuCI 2 ,CuBr 2 .NLBr 2 ,ZnCI 2 ,ZnBr 2 ) are concerned, therwudynamicaL
calculations, transport and acoustic measurements, EXAFS, X-rays and neutron scattering,
Raman scattering seem to indicate the possibility of a new point of view in describing the
physical properties of such systems. The latter ones appear to be " structure dominated "
rather than " collision dominated". The above mentioned results can be summarized in the
following points: (i) At very high concentrations the solute tends to form complex ions
of the HeXn2 -n kind. Such a process involved ,507Y of the cations, while the remaining ones
diffuse together with their hydration shells. (i1) Ion-ion and ion-water complexes begin
to interact and the structure of the hydrated crystals is locally reproduced . (iii) A
concentration (- 2 Molar) does exist at which the structure imposed by the water and the
structure imposed by the solute become nearly equivalent. For this range of concentrations,
many physical quantities ( shear viscosity, ultrasonic relaxational frequency, coordination
numbers and so on) show an anomalous behaviour. In the present work, we discuss the dyna-
mical properties of this system. In particular, VV and Vii Raman spectra, in the range
5 # 500 cm" 1 and 2800 . 4000 cmt1 of Stokes shift, have been taken as a function of tempe-
rature and concentration. For comparison, we have also performed measurements for SrCI 2
and Srfr2 in water, for the corresponding hydrated crystals and for heavy water solutions.
The results obtained ( see refs.l,2,3,4 and S for details) permit us to draw the following
conclusions: The low frequency spectra of all solutes studied ( with the exception of

SrC,2 and SrBr2) show a slowly varying distribution which resembles a variational density of
ttates. This solid-like contribution becomes Raman active by breaking the momentum conser-

vation selection rule.
Actually, the phonon density of states built up in this way becomes an effective

density of states which is the convolution of the true vibrational spectrum with the mode
depending matrix elements. For disordered materials, as amorphous semiconductorssilsses,
superinnics and asspciated liquids as 3203 ,SbCl3,H2 0 in which the meltting process gives
rise to the breakdown of only a small percentage of the oolid phase bonds, the vibrational
modes seem to be collective in character. In our systems, in effect, at high concentrations,

the structure resembles that of the corresponding crystalline statel this evidence implies
the existence of interaction between the ionic complexes and the obtained density of states

is a convolution of " acoustical" and " optical" modes in a coupled complex structure with

-. , . i-I---I I I
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middle range order. In effect the Metal-Halogen stretching bands are evident and lie

in the same frequency region of the corresponding modes of the hydrated crystals. (see

fig.l)o In particular ( see fig.2) with a Jet-flow tech-

pique, it has been possible to detect, by changing

the 4inc., a presonance RaIman effect related to the

aoCdCt2.SHOcrystal AILS band of the complex CuC 4
2 centred at 29Ocm

b-CdCtL saturated of Stokes shift.
c.NICLd_='rCt' ,
dSrC 

M

H .0i

" < -'\.

% SO *%0 3so T ,50~im a -_I.! ..

' " \ll ° q25 IS 450,

RAMAN SHIFT (cr-')
xperimetal Rm n spectra for the saturatcd

"ohgliells Wf (b) (dC&I. ()CiI. (d) Sr(11 anid fur (e)
rute wale. Ixdtalin power: IOOmW.counhing in*/
channel O.6se: scan speed f0Om"sec.(Tl . , spe
In. is tot i a single crystal of CdCI35,0.2 5110t). 0 ISOKS 9WF w cm 0

Fig. 1 (from ref. 1) Low r.a oq~ R.am" eef o(ung Auts (W,
Nreal Use&- a. 3145 A; Is. 4880 A; e: 47/65 A, d: 4579 A.

In The hueut the absorptio Is 6own.
Furthermore from the behaviour of the depola- Pig. 2 (troit ref..3)
fixation ratio with the concentration (see
fir..), evidence has been found for a local NN
structure transformation at % 2 Molar, where a
solute dominated structure took over the water

dominated structure. Another interesting struc- 3

tural peculiarity appears when the anhydrous melt

and glassy of the same salts are Investigated. . .

2 1j~C! inuIgl 10 ~

Cmmutgati dq~o of Ihc .kiuoprltaon rat
p hr C. 1 Ou 7m.eljl motisaw at 23 awl M26 u'l komu
dil-. ve.peedrdf.

Fig. 3 (from rep. 2)
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Fig.4, In fact, shows that for glassy and molten
ZCl2 9 the Raman effective densities of states
obtained by the 1exP (L-.) * are very similar

tha ft.both to each other and to that of the saturated
aqueous solutions Purthermore, In the case of

melgen ~ .;I MnIou '' ref lects the main fea-
tures of the neutron dispersion curves ( see I ig.5)
quite vell and strongly supports our initial hypo-

F thesis that the vibrational dynamics of the system
ZnCL, MIJ~fiare colleecivo in character. As far as the high

frequency region Is concerned, the studied of the
changes In the spectral shape of the 0-i stretching
batid as a function of the solute concentration,

confirm our interpretation that a structure imposed
0 by the sol'luto does exist, In which the water mole-

cules are strongly polarized.

Anisotropie reduced Raman intensity 4

of molten Zul' 34

Fig. 4a, (from ref. 5)

2W3
Stkssw UM

2 W3

isotropi redce luau inesit for

The restsitfni effect Is a very large change ofFi.4 (fo re.5
the 0- II stretching region.

Reprueserntsion of "'ayeroage disporsuaon curves (fled.

I.- H.P.Fontana.C.Hatsano,P.Nigliarde and F.Vaaderlingb, Solid State Comm-L30&89 C1977).

2.- H..etm..asm,.iladand F.Vanderlinlth, J.Cbem.Phys.64,fs76 (1978).

2.- 7Aeta..enaaCaiaoPWgado and F.Vandorlingh, Optics Acta,27,93l (1980).

4.. r.Alteta,C.Kalsane,P.lgl lard* and C.Vasl, Opt.Com.32, 274 ( 1980).

La. V.Alietta.C.Haisane,P.H4igIardo,C.Vasi,F.anderlingi G.P.Smetch and R.Triole, J.Chafm.
Phys. July IS (196).
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EFFECT OF A THERMAL ANNEALING ON THE LATTICE SPECIFIC HEAT AND THERMAL

CONDUCTIVITY OF SUPERCONDUCTING AMORPHOUS Zr 7 6Ni.24 ALLOYS

0. Bithoux, J.C. Lasjaunias and A. Ravex

Centra do Recherohee our lea rio Basses Top.raturee, C.N.R.S., B.P. 166 X,
38042 Grenoble Cedox, Fr ce

Abstract - We have measured the low temperature (from 0. K up to 5 K) specific
heat and thermal conductivity of an amorphous ZrNi superconducting alloy "as
sputtered" and after annealing. We observe a variation of the Debye temperature
and of the thermal conductivity related to a structural relaxation caused by
the annealing.

Two amorphous Zr. 76Ni.24 alloys have been prepared by sputtering respectively at

nitrogen and room temperature. They are obtained in the form of thick films (100 um).

The nitrogen temperature deposited sample has then been annealed under vacuum for

24 hrs at 2506C (the crystallisation temperature determined by D.T.A. was 350"C). The

density measurement shows a slight increase for the annealed sample (see table) indi-

cating a tendency to a more packed structure.

Specific Heat measurements are reported in fig.1 inaC/T versus T2 plot. From the

superconducting transition temperature (Tc f 3.2 K for both "as sputtered" samples andci

T c - 3 K for the annealed sample) to the upper limit of our measurements (about 6 K)

the data are well fitted by a T + OT3 law. The values obtained for y and B (see
table) by this analysis are checked by comparison of the entropy in both superconduc-

ting and normal state below T . The presence of the BT
3 term allaw the determinationc

of a Debye temperature OD (see table) which is not possible in the case of amorphous

insulators. For both "as sputtered" samples B values are very close. For the annealed

sample the lattice contribution decreases corresponding to a variation of about 15 %

of the Debye temperature. This increases of 8D corresponds to a hardening of the

structure. Unfortunately no sound velocity measurements are available on such amor-

phous alloys in order to get an other determination of 6 . But similar conclusions

have been drawn on PdSi glassy alloy (I).

Results of Thermal Conductivity measurements for both "sputtered" and annealed

nitrogen deposited samples are shown in fig. 2. The superconducting transition tempe-

ratures T determined in the specific heat measurements are reported by arrows : theyC

correspond very well to the change in the regime in the phonon-electron scattering due

to the rapid decrease of the nuber of normal electrons below Tc .

below Te, both electron heat transport and phomee-electron scattering become

rapidly neiX0l&lThen the phonon conductivity KPh is mainly limited by the interac-

tion with the low energy excitations and the sampls boumdary scattering. In fact,
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- Fig. I Specific heat before and

.." * after annealing.
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by both scattering due to TLS and
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above 0.3 K we observe a T 1.9 like variation, characteristic in the amorphous mate-

rials of the resonant scattering of phonons by the two level systems (T.L.S.) : the

Casimir limitation just occurs below 0.3 K. The scattering of phonons by T.L.S. is

described as 3

K A
ph-TLS A 2  =2

where n is the density of states of TLS strongly coupled to the phonons and H is an

average coupling constant of TLS with phonons. Using an average Debye sound velocity

vD obtained from the 6D value of specific heat measurements we determine the unique

adjustable parameter nM (see table). To the observed increase of 50 Z of thermal

conductivity by annealing corresponds a significant decrease of Mi2 by a factor 1.35.

This variation is well correlated to a diminution of the TLS specific heat observed

in other experiments (2). Qualitatively these results are coherent and agree with a

theoretical model of structural relaxation developed by Banville and Harris (3) :

they assume that a TLS is a single atom moving between two or more alternate equili-

brium positions within a void of the structure. This model predicts a decrease of

TLS density with the disappearance of the voids during annealing.
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Zr 0 a sputtered

0ro. 76N0. 24 (both samples) annealed

3p(g/cm) 6.85 ± 0.01 6.95 ± 0.01

Y(SJ/mole K2) 8.15! 0.2 6.30* 0.1

BI(i/mole K4 ) 0.465 0.315

en 3 161 184

VD(cu/m) 1.47 x I05 1.67 x 105

u2(er/c9) 9.1 x 107  6.7 s 1O7

Table Experimental parameters.
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LOW TEMPERATURE THERMAL PROPERTIES OF CYCLOHEXANOL : A GLASSY CRYSTAL
SYSTEM

E. Bonjour, R. Calewczuk, R. Lagnier and B. Sale

Service des Basses Tempdr'atzwee, Laboratoire de Cryophyaique, Centre d'Etudes
NucUaires de Grenoble, 85 X, 38041 Grenoble Cedex, Fraoe

Abstract. - Specific heat and thermal conductivity measurementson "glassy"
crystaline and crystalline cyclohexanol are reported. The glassy crystal
phase shows the same anomalous behaviour found in glasses at helium tempera-
tures.

Recently several experiments have shown that crystals containing structural di-

sorder can at low temperatures display the same kind of anomalous behaviour found in

amorphous solids. The study of this class of systems is a promising way to clear up

the microscopic origin of the excitations responsible for these anomalies. Glass like

behaviour has been well established for some superionic conductors as Li3N (1) and

e-alumine (2), irradiated quartz (3) and others disordered crystals (4).

In this paper we present the results of specific heat C and thermal conducti-

vity K measured between 1.5 and 20 K on a new type of disordered crystal ; namely the
"glassy" crystalline phase (crystal 1 [5 ]) of cyclohexanol. We also present the re-

sults corresponding to the crystal III phase obtained by the recrystallization of the

previously measured "glassy" crystalline samples.

A "glassy" crystal can be obtained by cooling through a metastability region

an orientatlonally disordered phase such as the so-called plastic phases (6). At low

temperatures the orientation disorder becomes static in the experimental time scale

and on warming we observe a glass transition phenomenon.

Plastic crystalline cyrlohexanol is stable between 299 K (melting point) and

265 K but It is easyly spercooled and glass transition takes place around 150 K.

Polymorphism of cyclohxanol has been fully described by Adachi et al [5 1. Prior

to the low temperature measurements we have performed a differential scanning calo.

rimetry study on our product (Merck, Typanalyse) in order to determine the right

conditions to obtain the phases investigated. Our results confirm those of Adachi. So

the crystal III phase was prepared by heating the crystal I up to 240 K and then co-

oling to low temperatures.

The thermal conductivity K(T) was measured using standart steady state tech-

niques from 1.5 to 20 K. The major problem arose from the low melting point (299 K)

of cyclohexanol which prevented us using a classical arrangement. The most efficient

way was to put the samle inside a PVC cylinder shaped cell (very thin walls) and,

*. '4;
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to perform measurements on the sample and the cell together. Next step was to mea-
sure K(T) of the cell. Taking into account the respective cross sectional areas of

the ceTl and the sample, It was possible to deduce the exact thermal conductivity

of cyclohexanol.

The specific heat measurements were performed, between 1.5 and 20 K using an

adiabatic differential method, operated at constant heating rate, as described in

previous papers (6).

The specific heat results are display in Fig.1 as a C/T3 versus T plot and

those of thermal conductivity K are represented in Fig.2.
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Jn bth cases the shape of the curves corresponding to the glassy crystal is
identical to thse found in glasses. The "plateau" of K around 5 K with a K value of
the order of 1O' Wcm'K1 and the strong increase (faster than T) of C at T 3 K,
giving a peak In the C/T3 plot, are universal features of vitreous mterials. In o0-

trSt the recrystallized samples behave as normal crystals. The origin of these ano-
malies in normal glasses is stil1 unkown and their occurency in a glassy crystal is

a useful result eliminating a certain number of possible hypothesis. As "glassy I
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cyclohexanol is a good crystal, in the sense that the molecular mass centers form

periodic lattice, the existence of large scale density fluctuations (7), voids

j or some kind of free volume (9) which are sometimes proposed should be excluded.
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CONNECTION BETWEEN THE LOW TEMPERATURE THERMAL PROPERTIES OF GLASSES

AND THEIR GLASS TRANSITION TEMPERATURE

T. Klitsner, A.K. Raycbaudhuri* and R.O. Pohl

Laboratory of Atomric and Soid State Physics, CorneZ University, Ithaca,
NY 14853, U.S.A.

Abstract. Water doping of nitrate glasses lowers their thermal conductivity.
The effect, however, is smaller than expected on the basis of the increased
density of states of anomalous states observed in specific heat measurements.

Addition of foreign atoms or molecules to crystalline solids changes their

lattice vibrational spectrum, resulting in localized modes, resonances, and tun-

neling states. We are exploring whether similar effects can also be caused in

amorphous solids. As host glass, we have chosen nitrate glasses of the composition

40 mole % Ca(NO3 )2 and 60 mole % KNO3. Doping with LiNO3 and KNO2 up to their

solubility limits, 6 x 100 and 4.4 x 1020 cm"3 , respectively, caused no discernible

effect on the low temperature specific heat of the glass (< 2% change),1 in contrast

to the doping of alkali halide crystals with Li or NO2 ions, which results in low

energy tunneling states in many hosts.2 Doping the glass with water, however, at

concentrations between 1 and 3 x 1021 cm-3, increased the low temperature specific
heat anomaly known to be characteristic for the amorphous state.1  The increase

in entropy was found to scale with the water concentrations, but was approximately

four orders of m, jnitude smaller than it would be if every water molecule would con-
tribute one tunneling state. Thus, tunneling (or some other kind of low energy

vibration) of the water also appears to be very unlikely in this case.

We did observe, however, that the specific heat anomaly of the water-doped

glass scales with the reciprocal glass transition temperature TG, i.e.,

aexc - TG_1 , with ('.)
- T~1.16 ()

Cexc = Cv - CDebye - aexc T , (2)

see Fig. 1. Eq. (1) suggests that the low temperature anomalous states are a
measure of the disorder frozen-into the glass as it solidified, as has also been

proposed independently by Cohen and Grest,3 based on the free-volume theory of

glasses.

In the present study, we have searched for a change in the low temperature

thermal conductivity in water-doped nitrate glass. Sample preparation, determina-

tion of Tr and of the thermal conductivity have been described previously.
1 ,2 ,4

*Present address : Mx-Planck-Institut fUr FestkOrperforschung, Heisenbergstr. 1,
0-7000 Stuttgart 80, F.R.G.
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The conductivity A, measured between 0.1 and 0.5 K, followed a power law for both

the doped and the undoped sample. For the undoped sample, A = 1.82 x 10
-4 T1.96

(in W cm-1 K'1 ), while for the undoped sample, A = 1.69 x 10- 4 T1' 96 , i.e., 7%

smaller. The quality of the power law fit to the conductivity of the undoped sample

is shown in Fig. 2, which also shows the relative deviation of the data obtained on
the doped ("wet") sample relative to the power law fit for the undoped ("dry")
sample. The data for the doped sample are lower, on average, by 7% than the data
for the undoped sample. Both sets of data show a peak near 0.25 K, which we believe
to result from an error in calibration of our thermometer.

In Fig. 1, we have plotted the thermal resistivity A- 1, at 0.1 K, for the two
samples. The error bars are those of the accuracy with which the sample geometry

was measured (± 5%). It is seen that the increase of aexc, i.e., of the density of

states in the water-doped sample, is larger than the increase in thermal resistance,
the latter being just barely outside the experimental error. Conceivably, the in-

creased density of states of the scattering centers is partly offset by an increase

of the speed of sound (which would increase the low temperature thermal conductiv-
ity), and/or by a decrease of the coupling constant in the doped sample. Measure-
ments of the speed of sound in these glasses, in progress in our laboratory, will

shed some light on these questions.

This research was supported in part by the National Science Foundation under

Grant #OMR-78-01560 and through the Cornell Materials Science Center.
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THE THERMAL CONDUCTIVITY OF SEMICRYSTALLINE POLYMERS AT VERY LOW

TEMPERATURES

D. Greig and N.D. Hardy

Department of Physics, University of Leeds, Leeds LS2 9JTT, Enqgand

Abstract. - For polyethylene the temperature dependence of thermal conduct-
ivl--decreases below a temperature T* -- in this cape 1KI -- from T2

to T. We now present experimental results on a lightly modified form of
polyethylene for which T* is raised to between 3K and 9K. There appears to
'be a correlation between T* and the microcrystalline structure and we
speculate that for senicrystalline polymers in this temperature range
structure scattering is more important than 2-level tunnelling.

The general. trends of the temperature dependence of the thermal conductivity, Kc,

of semicrystallits polymers have been well-established between 1v 2K and room
1 2

temperature . We have studied in detail the influence of (i) crystallinity and
3

(ii) crystallite orientation , and have found that above and belowIt 20 K the

variations in Kc with these two parameters are completely different.- At the higher

end of the range the conductivity increas es both with crystallinity and with

orientation. At low temperatures, on the other hand, the specimes with the greatest
crys tallinity have the lowest conductivity with values at IV 2K roughly an order of

low values, furthermore, are to be more or lees independent of crystallite

jorientation. -

This rather dramatic difference in behaviour is attributed to the conditions

arising at low temperatures when the phonon mean free path, L, becomes larger thanI

the dimension of the str uctdfral units. As-the difference in density between

crystalline and amorph ous regions cam be as great as 2OZ the "structure scattering"

of the composite polymer gives rise to a thermal resistance that is considerably
greater ,than tihat of the emrpous material along, For these materials this

structure. satterift argumnt qeem preforabAe to the 2-level phO.VAI scattering

explanation that han bees applied, so successfully to materigls that are completely

amorphous 5 '

At still lowr tafepttaur it is fouind tkat for polyotylene (PI,). the

variation Of K~ With T undergone a sharp 4ecrease in elope, changing ,at a temperature

T* f rop a depeudence of about TI* to a variation that is almost linear. The anomaly,

aitbeuoh toards the lower end of the twm.rataa,. baa been clearly establis!*4 7 '8 ,%

and has beoa *zplsand by the dimamet phonon wavelength,, L becoming Sar. Ab~A

the thiebmese of the exisia3Ute.. 7n the Uttes tuod it has been found to panr



C6-70 JOURNAL DE PHYSIQUE

at a higher value of T* in a specimen of PE that had been extruded. It therefore

appears that we can define an "ultra-low" temperature range in which the orientation

properties of the crystallites are again of importance.

We are now reporting on some systematic studies of this effect by mking

measurements on a modified form of PE, tigidex 40, for which the values of T* are

conveniently rather higher. Rigidex 40 is an ethylene-propylene co-polymer

containing 5 methyl side groups per thousand main chain atoms.

We have obtained 2 sets of measurements both shoving very marked effects. In

the first (figure 1) we show the

temperature variation of K in the

extrusion direction for a set of

amples for each of which the

extrusion ratio was 15 but which

were extruded at 75°C, IO0°C, and

110 0C. Corneliussen and

Peterlin 10 have shown that 10

increasing the drawing tempera-

ture of PE from 400 C to 140 0C

results in a draiatic increase in .3

long period, L, with values rising

from about 1701 to nearly 400 1.

Although there are no published

data on extruded Rigidex 40, pre-

liminary experiments by Hope t ! 3

hawe shown the sme trend. The0-

most important feature of figure I

is that the changes in K appear 04 ' 00

only at very low temperatureb. I EK)

In figure 2 we show the

temperature variation of K for !ia.. Temperature variation of K in the
extrusion direction for samples of extrusion

various values of X in samples ratio 15 extruded at: '[],75°C; 0,100OC;
+ ilioC.that have a1 betn extruded at

1000 C. Nope he* cjtained scm 'inditation 'of a reduction in L with increasing X, but

wst also esider an increase in the'n I et of interefytalline brids created

drmg the extrusion process. From figure 2 we see that the conductivity is changed

both above 20 K and at "ultra-low" temperatures.

Very generally we m atga that the chang in slope at TO with falling

taee:,-.% indieattas a tranition t6 a riin ill which the mean free path is
relatily A.; that is, ms the domimmt phaoon wavelenth, , became longsr,

phone scattering is tesduce. The results indicate that this occurs at the highest

tmraturs fr matrial tat be bes (a) extrudad at low extrusios teiperatures

(figure I) i (b) extruded to the gretest pdasible adtrueion ratio (fitte* 2).

o -w
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This is entirely in accordance with the

observation that both of these processes _00_------

give rise to long periods that are

relatively small, with an implication that

the crystalline structure is then most

broken up. This results in less scattering

for 2 possible reasons. (1) When 1 becomes

greater than the dimensions of the crystal-

line units some form of Rayleigh

scattering takes place. When the density

of scattering sites is large interference

occurs between scattered wavefronts giving

a relationship X _ V-2 Combined with a

specific heat varying as T3 this leads to

K - T in agreement with the experimental 0.1

results. (2) On a more qualitative

argument orientation will tend to
'homogenize' the polymer making the

amorphous material more dense and the o ,o
1 3 1 30 KD

* crystalline component less so. The Temk5 (K)

* specimen will thus behave more like an

amorphous solid with fluctuations in Fiz.2. Temperature variation of K for

properties over a length , 100 R. Morgan samples extruded at 1000 C with
n h12 hextrusion ratios: EL,10(measured

and Sith 1 have shown that this leads to perpendicular to the extrusion
a teperature variation of K of exactly direction); *(isotropic; 0,5; A,10;

form that we have found. X,15; ,17; -,20 (all measured
parallel to the extrusion direction).

le should like to thank Dr P.S.Hope

and Professor I.1. Ward for their interest in the work and the SERC for continued

financial support.
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ATTENUATION AND VELOCITY CHANGE OF ACOUSTIC WAVES IN THE AMORPHOUS

METAL PdSiCu FROM 0.05 K TO 90 K

P. Doussineau

Laboratoire d Ultrasosne, UniversitJ Piere at Marie Cure, Tour 13, 4 plaoe
Jusai.es, 75230 Paris Cedex 05, France

Abstract. - Previous acoustic experiments in a-PdSiCu were extended. Attenua-
tion and velocity change were measured at various frequencies around 500 M!Ez
from 0.05 K to 90 K . The attenuation is interpreted as the sum of two contri-
butions : one Ave to the relaxation of the TLS and the other due to an activa-
ted process. The velocity change is explained with the same two preceding
contributions ; however it is necessary to add not only the resonant contribu-
tion but also an electronic term varying as T2.

1. Experiments. - It is now well established that two-level systems (TLS) are pre-

sent in amorphous metals [I]. Among other experimental methods ultrasonic waves have
proved that they are one of the best tool to study TLS in amorphous metals. I present
here an extension of previous acoustic experiments in amorphous Pd0 . 7 75 Si/.165 C0.06

[2]. The attenuation and phase velocity change of transverse acoustic waves at four

frequencies from 185 to 852 Mlz have been measured in the temperature range 0.05 to

90 K . The results are shown in Figures 1 and 2 for the attenuation and the velocity

change respectively. The main features are - - in the temperature range below 6 K

the attenuation varies linearly with the temperature and with the frequency. - At '
higher temperatures the attenuation still increases, goes through a broad maximum
near 20 -25 K and then decre s slowly (Fig. 1). A similar peak has been previously

reported In a P0.775Si 0 . 16 50g 0 . 06 sample for longitudinal waves [3]. - At the

lowest temperatures (T < 2 K) the velocity first increases roughly logarithmically

when the temperature increases (Fig. 2). This behavior is now well known for amc':-

phous metals (1]. - Then the velocity goes through a maximum and decreases on all

the temperature range explored (up to 70 K). This decrease cannot be said linear if
the entire temperature range (4 to 70 K) is considered, contrary to what was claimed

for the sam material in the range 4 to 20 K [4].

2. Th*ory. - The preceding results Ar explained in the frammwork of the TLS theo-
ry. I recall here only the results useful to what follows. Details can be found else-

where [1,51. The resonant interaction between TIS and ultrasonic wvm leads to a e-

velocity change given by &VIVO - C In T/., whe To is an arbitrary reference

Nemert=e, Ps the SOmd Velocity, C P 9 / pV,2 with p the density. y an elastic

deformation potential and P the density of states of the TLB. 96bides the resonant

interaction, the elastic wave undergoes a relaxational attenuation (and dispersion).
In terms of the cmplex change of the elastic constant 0 , it is given by

oep
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where B = E /d , E is the splitting between the two-levels, P = (40/9)2 with 40 the

tunneling matrix element [5], w/2w is the frequency of the ultrasonic wave, and T1 is

the longitudinal relaxation time of the TLS. T, characterizes the return towards

equilibrium of the TLS population. In a metal two channels are possible, via the

thermal phonons or via the conduction electrons [1]. Consequently

- (TP '+[To)' where (TP ' = r Ts(§f) coth , with X3 - 4 I T2
i pO T vtS

(T L or T stands for the polarization) and - rK 3 ' coth!E, with
w k )2 

2

K is the electric density of states at the Fermi level and X an

electric deformation potential. In the general case the attenuation (a = j Im

and the velocity change =v -1 Re AS-) are given by a numerical calculation.

Besides this first relaxational effect the acoustic attenuation in amorphous

materials generally presents a broad peak attributed to some activation processes

above energy barriers [6]. The corresponding change in the elastic constant is given

-- - )I n (U) dU where c is the relaxation strength, T U) is a relax-

ation time given by the Arrhenius law TM) = T. exp BU , n(U) characterizes the dis-

tribution of energy barriers U. Usually n(U) is taken as a constant. I found it is

better to choose a gaussian dlstribution n(U) Iexp- -- where a has to be

determined by the experiment.
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3. Interpretation. - The whole set of results presented in Figures 1 and 2 is

described with the theory outlined above. C, KI, KI, 6, T. and 0 are used as free

parameters in the numerical computation. In fact C is given by the logarithmic

increase of the velocity at the lowest temperatures, while the product KIC is deter-

mined from the attenuation in the see temperature range [21. It was possible to

obtain a good fit (shown by the solid lines in Fig. 1) of the attenuation results

when the attenuation due to an Arrhenian process with a gaussian distribution of the

energy barriers was added to the relaxational attenuation due to the TLS. The best

agreement was obtained with C, = 5.5 0- s 
, K I ,- 1.5 - 1010 K s

-
',

X3 - 2 10o s- ' , C = 4.4 10-  = 5 _10
-
15 erg and T. 3.5 -10

-  
s

Then the velocity change was calculated with the same set of parameters. The

logarithmic resonant contribution was also added. A good fit was obtained for temper-

atures up to 4 K. At higher temperatures the observed decrease of the velocity was

faster than the calculated one. A good fit (shown by the solid lines in Fig. 2) up to

40 K was obtained when a decreasing term varying as 1.6 * 10-' T2 was added to the

three preceding contributions. Such a velocity variation was expected in a metal as

an electronic contribution to the elastic constant [7].

Thus a satisfactory agreement is obtained between the calculated curves and the

experimental results in PdSiCu for both the attenuation and the velocity change at
various frequencies in an extended temperature range. From the preceding interpreta-

tion a question arises. Have the TLS and the particles involved in the Arrhenius

process a coon origin ? The procedure given above assumes the answer is negative

because the different contributions of the attenuation (or velocity) are added. In

the opposite case not the attenuation (or velocity) but the relaxation rates have to

be added. Such a possibility has not net been explored, but it will be the purpose

of further r, ch.
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POLARIZED RANA SCATTERING STUDIES OF FLUOROZIRCONATE AND FLUOROHAFNATE

GLASSES

P.K. Banerjee (l) , B. Bendov
(z), M.G. Drexhage, J.T. Goltman

*(q), S.S. Mitra *(3)

and C.T. Moynhan"()

Solid State Sciences Div., Rom Air Deveopnent Center, Banecom APB, Maaeshue-
.. tt8 01731, U.S.A.

*University of Rhode Iaand, Kingsto., Rhode Island 02881, U.S.A.

Catholic Univereity of Ameica, Washington, D.C. 20064, U.S.A.

Abstract - We report polarized Raman spectra for a set of heavy-metal multi-
coponent fluoride glasses, containing the fluorides of hafnium, zirconium,
barium, lanthanum and thorium. All thl glasses have a dominant peak in their
VV spectrum in the vicinity of 580,cm- with a corresponding deep minimum in
their depolarization spectrum. The spectra are relatively depolarized from
near 200 cm-1 to 400 cm-.

1. Introduction - Marty reports have appeared recently dealing with preparation and

characterization of multicoaponent heavy-metal fluoride glasses1, specifically

fluoroafnetes and fluorozIrconates, in which J*F4 or ZrF4 is the primary consti-

* tuent, the secondary romponent is BaF 2, and the other components are the fluorides

of rare-earths, group III elements or alkalis (either singly or In combination).

One important prospective attribute of these glasses is continuous high transpar-

ency over an unusually wide range of frequencies spanning the mid-IR to the near
UV. In particular, the infrared characteristics are of interest for a wide va- ,
iety of applications ranging from laser windows to infrared fiber optics. Here

we report selected results of polarized Raman studies aimed at obtaining infor-
mation about the fundamental vibrational characteristics of this relatively new

family of glasses.

2. txWl ment and Results,* The glasses utilized in the present studa were syn-

thesized at RADC ad Catholic Univ. from high purity oxide or fluoride starting

materials utilizing procedures described in detail elsewhere1 . Samples several

cm in dimIter and 2.4 m thick moepreparedl of compesitions selected frft the

center 9f the glass formtion relin. These cempsitims, denoted as ZIT, MIT,
ZBL end IHI am indicated in Table 1.

1 e. 4 F1 d ass 9 itig7rF4, De 2 ThF4 IF 4 L&FX.

H1. -- 33.75 -- 57.5 8.75
HIT -- 33.75 8.75 57.5 --
BIL 57.5 33.75 6- 8.75.
ZIT $7.5 33.75 . 8.75, - .- . ...

a $pox 1400 Spectromtr in: ,cQ~umpe1ivith,*p.rw-1on las. r~and a cooled !VA30

photmlttplier; the spectral slit width ws - S w-" 1. Tim polaried " spctra

ma exl4Oiw.... ... ~ipIe - IthwII I I. II .

. .. ,. ' ~~-, .° - ..
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are shown in Fig. 1. A summary of the Ramnan data on these glasses is presented in

Table Il. The corresponding depolarization ratio, P (which is the ratio of NV to

VY intensities) is shown in Fig. 2.
Fig. 1. Polarized VV Raman spec-

POLARIZED RAMAN SPECTRUM trum vs. frequency shift for four
a fluoride glasses.

V I

9- HOT

zz9

mIos- GETte -

Fig. 2. Depolarization ratio vs. fre-
... quency shift for four fluoride glasses.

S 7 6 9 4 S 2 1 0
FREQUENCY 61WT (102of 11

Tbe 2.Smmr of Ron Dta cm-1 on Fuorozirconate and -uorohafnate Gasses

57vp57vp577v,p 674v,p

480we 49fM 4&1 40m

49W 400a 400w 400m 399n 3UM
250m 260m 250m,sh 250~m 235w,sh 230w,sh

200w 200m 2001 200m 200m 209m,sh

1601 la 160m

ratio Th oition of thspem thmao efr;ofilf the specr re

similar for both hafnim as well as zircoouium fluoride based glasses. This un-

expected result may Indicate a weakening of the force constants in ZrF4 as opposed
to HfF 4 glasses. The effect Os the sloctnm of chaning the tfird component (LaF 3

or ThF4) is relatively smll, as is the case for IR reflectivity2 .
The depolarization sectimo of any isotropic disordered material Including

glissollliqIU'awN OWin shold be chart-Ad* ad *p 0 p (3?s, which Is Indeed
t*-~ cahwith the glaties stamd hae. Ie SMar prtnane 0i110M in 0(w) oeat

:7%___________________
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590 cm- 1 corresponds to the peak at - 580 cm-1 in the VV spectrum. Based on

molten salt data3 , it may be identified with symetric stretching modes of the

MFx4 "x coordination species (where x = 6 to 8). Specifically, the latter suggests

that the dominant peak be principally assigned to totally symmetric HF6
2 " stretch-

ing modes,in general agreement with crystalline peaks reported
4 in the range

570-590 cm" I for both ZrF6
2 - and HfF 6

2 . The large width of this line (- 60 can 1 )

compared to that of crystals (10 to 20 cm- 1 ) is an expected attribute of a dis-

ordered system. The depolarization spectrum suggests that the broad Raman bands

below 400 cm-1 are not primarily due to symmetric modes. Thus, contributions of

Ba-F symmetric modes, which would be expected to occur in the general vicinity of

250 cm- 1 , are not evident in the current spectra. The low frequency modes are

more likely attributable to bending vibrations of Zr or Hf with F. It is also

interesting to note the relative featurelessness of both the Raman and IR spec-

tra of mlticomponent glasses like ZBT, HBT, ZBL and HBL. This could be attribu-

ted to near coincidences of the fundamental mode frequencies of various compo-

nents, and/or the one-mode behavior characteristic of certain mixed system.

Finally, we note that IR spectra display two broad peaks in the high (400-600

cm- 1 ) and low (150-300 cm- 1 ) frequency regions. The Raman features in the vicin-

ity of 580 and 250 cm- 1 fall in-between the TO and LO modes deduced from reflec-

tivity. This behavior Is similar to that manifested in crystalline alkaline earth

fluorides, where the Raman mode also falls in-between the corresponding To and LO

nodes of the crystal.

(1)IPA Appointee at RADC; permanent address: Rhode Island Junior Coll, Warwick, RI.
(2) Present Address: The BON Corporation,1801 Randolph Rd, SE, AlbuquerquelN 67106
(3esearch supported by Rome Air Development Center (AFSC), under Contracts No.

F19628-77-C-0109 (U.R.I.) and F19628-77-C-O06I (C.V.). Present address of J.
Goltman: Naval Underwater Systems Center, Newport, RI; Present address of C.T.
Moynihan: Det. of haterials Engineering, RP!, Troy, NY, 12181.
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THERMAL PHONON TRANSPORT STUDY OF THE DEFECTS CREATED IN QUARTZ SINGLE

CRYSTALS BY DIFFERENT IRRADIATIONS (Y RAYS, ELECTRONS, NEUTRONS)

A.M. de Go;r, M. Locatelli and C. Laermans*

Ser ice Basses Teadrxaturee, C.E.N.G., 85X, 38041 Genoble Cede, Frnce
*Lab. Va"te Stof- en Hoge Drukflsika, K.U. Leuven, Ceeetijneno.an 200D, 3030
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Abstract.- Thermal conductivity measurements have been carried out between
80 UK and 30 K in quartz after y, electron and neutron irradiation at diffe-
rent doses. All the samples were natural quartz of the same origin, in order
to rule out the effects of different sample state. Electron and neutrons cause
an additional phonon scattering which, below 1K, can be explained by the pre-
sence of tunneling states similar as in amorphous solids but which is very
different above IK, indicating the different origin of the glassy "plateau".
y-irrediation does not induce a detectable number of tunneling states.

Introduction.- In order to come to a better understanding of the microscopic origin

of the tunneling states in amorphous solids some attention has been directed to cry-

stalline quartz which is locally disordered by high energy neutrons and electrons,
1-4showing similar low temperature dynamical properties . It is observed thereby

that there are differences between the experimental results of different authors

for similar experimental conditions 3,5 and also that some findings are attributed

to impurities and inclusions 4,5 showing the influence of the sample state. There-

fore we want to report here a set of results of thermal conductivity measurements

after different kinds of irradiation, all on samples of the same origin. In addition

in one of the neutron irradiated samples ultrasonic saturation experiments without
1,2

6
and in a magnetic field have been carried out previously and the number of tunneling

2
states and their coupling constant to phonons has been determined

Experimental results.- The thermal conductivity K measurements have been carried out

between S0 m and 30 K and the results are given in fi4. 1 (a and b). Part of the

data have been reported before 3,6. All are natural Brasaiiam quartz rods of the

same origin, 3 in diameter and about 1 in length . The value of K at the mami-

imm, for the virgin sample, is similar to that found in earlier measurements taken

into account the amaller dimensions of the present samples. Between 0.4 and 3K a T
3

behavior typical for boundary scattering is found and the data agree well with the

values for the boundary scattering calculated from the elastic constants (casimir

limit). This also implies that we find no evidence for the presence of inclusions

as observed before in synthatic samples4. Using y-irradiation, the effect of purely

ionizing irradiation was measured (until now only measured above 1K). The two diffe-

rant doses 5.9 z 106 and 2.1 x 10 ao7etgen give the same result, so that saturation

is already achieved. The thermal conductivity is little affected above 1K and not at

"I'." " '' M"": . * .... .
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Fig. 1.* Thermal conductivity as a function of temperature: V: unirradiated
sample, E1 an 12: electron irradiated; N; ,N2,N3: neutron irradiated;
G: glams ample. Irradiation dose: see table 1. Solid lines are calculated
to fit the expriments.

all below 1K, were the data for the virgin ample are reproduced.

Electron and neutron irradiation induce in the whole temperature range an addition-

nal phonon scattering which increases with increasing dose, and is remarkably diffe-

rent above 11 but showe simularities below It. Above 11, in the neutron irradiated

ample*, a platem appears, similar to glasses, as already known 8

Discussion.- A computer fit was mads using the full Deby. expression for the ther-

mal conductivity, starting from a fit for the virgin ample and introducing an ad-

ditiomal scattering mechanim to account for the radiation damage: -Go ad an

increase of the point defect term A, the Casipir term being kept at the calculated

value. The results are reported in table I ad in fig. I (sawe only partly for dca-
3

rity). Nor* details about the fitting procedure are given in a previous paper

At the very lowest temperatures the fit underestimates the vsl*e of the thermal can-

ductivity as well in the 'virgin ample a" in the irradiated samples (act also fig.A
:3in the previous paper ). This effect-it usually attributed to specular ref lectien

end will not be discussed In more detal -here. Apart fro this small depottutes it

was found that in the case of the electron irradiated samples the expected R7aligh

scattering, due to point defects alone, can not explain the data a"d that a constant

PI
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Table I

Sample dose+  A A-A0  noM2 (nM 2 )exp 2

(cm-2) (s3) (s3) (erg/cm3 ) (noW)vitr.sil.

glass 1.7 x 108

irgin 2.7 x 10-4 5 0 -

Y saturation 2.7 x 10
- 44  2.4 x o-4

4  < I x 104 4 1 x 10
- 4

0-44 0-446

EI  3xlO 1 9 electr. 1.7 x 10 1.4 x 10 2.6 x 106 0.022

E 2  1.8xIO20 electr. 3.4 x 10- 44 3.1 x 10- 44  8.8 x 106 0.073

N2  lxlO 18neutr. 2.7 x 106 0.023

N3  4x1O 8neutr. - 5.8 x 106 0.048

NI  6x1o18 neutr. 1.3 x 107 0.065 2
from longit.ultrasound exp

+ electron energy 2 MeV; neutrons with energy > 0.1 MeV; neutron dose N3 is pre-
liminary

2 nol2 = 1.2 x 108 erg/cm3 is a calculated mean value.

density of states of TLS(two level states) similar as in glasses can fit the re-

sults3 . From G a value for the coupling strenght noM 2 of the TLS with the thermal

phonons is obtained(see table 1). For the neutron irradiated samples a similar fit

was carried out but only for the temperatures below 1K since the "plateau" 1l glas-

sea is not yet understood. A constant density of state.? of TLS can, also in this

case, fit the data. This is in agreement with earlier findings which show that TLS

are present in neutron irradiated quartz 1 ,2,4 . For the y-irradiated samples no evi-

dence for the presence of TLS was found up to saturating dose which puts an upper

limit to the number possibly present (see table 1).

It is surprising that in spite of the very different damaging processes both

neutron and electron irradiation induce TLS. Indeed neutrons cause displacement cas-

cades and therefore extended damage zones, which might be amorphous, as recently ob-

served ,while electrons are expected to cause rather simple defects.

1. C. Laermans, Phys. Rev. Lett., AL 250 (1979)
2. B. Golding, J. E. Graebner, W. H. Haemmerle and C. Laermans, Bull. Am. Phys.
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condensed matter, d. H.J. Mario (Planum Press, 1980) p. 11.

3. C. Laeranus, A. M. de Goer and M. Locatelli, Phys. Lott. 8OA, 331,1980.
4. J. W. Gardner and A. C. Anderson, Phys. Rev. B 23, 474, IM.
5. N. Nofacker and R. v. Lohneyaen, to be publisher
6. C. Laermans and B. Daudin in : "Phonon scattering in condensed matter",

d. H. J. Mario (Plenum Press, 1980) p. 21.
7. 2. C. Zeller and R. 0. Pohl, Phys. Rev. B4 2029 1971.
8. R. Berman, Proc. R. Soc. London Ser. A 201, 90 (1951).
9. D. Grasse, O.Kocar, H. Peisl, S. C. Moss and B. Golding, Phys. Rev. Lett. 46,
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i -L~y iX



JOURNAL DE PHYSIQUE

CoZioque C6, oupl&ment au n 0 12, Tome 42, ddce re 1981 page C6-81

SURFACE POLARITONS IN IRRADIATED a-QUARTZ

V. Umadevi, R. Kesavamoorthy, A.K. Sood and G. Venkataraman

Reactor Research Centre, KaZpakkcmn 603 102, TaniZ Nad, India

Abstract.- Srface polaritons (SP) in charged particle irradiat-
ed sc-quartz and fused quartz have been studied using the
attenuated total reflection (ATR) method. It is found that on
irradiation SP frequency decreases and linewidth increases.
Some evidences point out that on irradiation sC-and fused
quartz tend to become disordered in a similar way.

1. Introduction.- It is by now well known that at a boundary between

two media with dielectric constants --. 1 > E 2 > 0, surface polari-

tons (SFI.propagate down the surface. Wb report below our studies

on the surface polaritons in ion-bombarded 4-quartz and fused

quartz by ATR technique in the spectral rang of 1400-180 On-o

2. &Perimental.- Irradiations were done in S ames J-15, 150 keV

neutron generator modified for charged parti~le wodrk. 100 keV argon,

heli'im and deuterium ions have been used in this study bo-a dose
17 2

10 ions/On .  ATR spectra of single crystals of cf-quartz cut

with the optic axis lying in the plane of the sample were recorded in

a Perkin-Elmer model 580 spectrophotometer before and after irradia-

tion. The ATR set up used is a 25 reflections unit with a KRS-5

crystal. All the spectra reported here are recorded at a fixed angle

of incidence (30" ), corresponding to a fixed wave vector.

3. Results.- Figure I shows the ATR spectra of oC -quartz before and

after charged particle irradiation. The ordinary E-type SP at 1160,

1145, 805, 690, 485 and 400 On- are seen clearly in the unirradiated

spectrum. Deuterium ions seem to be more effective than argon or

helium ions in causing damage. The general feature observed on irra-

diation is that the SP frequencies shift to lower values and that the

lines are broadened. It can also be seen (figure 2 ) that the SP in

the spectral range of 1200-1000 On change significantly compared to

the modes in the other regions.
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ig I ATR spectra
* of unirradiated and

UE irradiated O

_-_ .(vkw deS4Wm) 1quartz.
imR OhIWYAr xcp

WAVE NUNER (UIean)

Shown in figure 3 are the ATR spectra of fused quartz recorded simi-

larly. Ibr'e also the SP frequencies decrease and linewidths increase

on irradiation can be seen distinctly. 1he asymmetry on the higher

f requency side of the SP at '- '1140 On- suggests the possible pre-

sence of another mode similar to O. -quart. 3hdications are that

both d, -quartz and fused quartz attain a common disordered structure
on irradiation. One could speculate that this is a random structure

Fla.2 rATR spectra

G-Funrrdiated and
irradiated .o -quartz
in spectral range
1300 -1050 Cht-*

%~~ IFo;
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Figo. 3 ATR spectra
of unirradiated fused
quartz.

-Inm.(= haw. gr iuN'Ah

with dangling bonds.

4. liscussion.- irradiation changes the specular reflectivity spectra

also 1, ielectric constant (4.) calculated from the bulk reflectivity

data using Itamers-W~oflig analysis does not account for the observed

changes In the ATR spectra. 1he same conclusion was arrived at by

Zhizhin et al 2in nitrogen irradiated cC -quartz. As the projected

range of the particles used for irradiation Is smaller than the skin

depth of infrared radiation at these frequencies, it is proposed to

analyze the bulk reflectivity data itself on the basis of a two layer

model. The E obtained thus should be used to generate ATR spectra

calculated for a three Interface case. *~ter generating complete

dispersion curve data, efforts will be made to analyze our dat~a on

these lines.
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RENORMALIZATION GROUP METHOD FOR VIBRATIONAL BEHAVIOR IN MIXED CRYSTALS

D. Schmeltzer and R. Beserman

Solid State Institute and Physios Department, Teolnion -Israel Institute of
Technology, Haifa, Israel

Abstract- The renormalization group method has been applied to
investigate vibrational properties of a diatomic mixed
crystal. It has been found that there exists a fixed
point which separates the one mode behavior froa the
two mode behavior. This transition depends on concentration,
force constants and mass ratios.

It is shown that a fixed point exists which separates the extended mode behavior

from a localized one which is interpreted as a transition from the one mode to two

mode behavior.

*We propose here a new criterion based on the renormalization group method(R.G),

this gives an unstable fixed point of transition from one mode to two mode behavior.

We find a transition from one mode behavior to two mode behavior for given mass

ratios and force constants (therefore the same crystal) as depending on

concentration (Fig. 2). This fact Is able to uxplain qualitatively the transition

found experimentally in InSbAs . We perform the renormlization group trans-

formation in one dimension and (with one force constant e) for d-3 we use the

Misdal Kadano point moving, technique.

Our R.G. Transformation consists in comparing the eigenvalues, coupling constants

and probability distribution of the initial lattice with those of a new one of

spacing S( f1) times larger than the original.

We consider the mixed crystal AB C1 s NA is the constant mess and the random

Msae 2(1) is %, with probability a or N with probability 1-,

We define a dIeorder parameter (The coot mean square deviation of the optical

mode normalized by the effective coupling between the nearest cells). We study

the transformation - for a change of the scale of the lattice constant

a4Sa.

'0'
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The function R(A) describes the transition from one mode tb two mode behavior.

We can physically explain this claim as follows: the apparition ofa localised

mode is the condition for a two mode behaviour. For a localised mode,'distant

regions are uncoupled for our effective chain (the correlation function decreases

exponentially). We calculate the coupling constant betweep distant cells as a

coupling adjacent cells in a given state of the R.G. transformation; increasing

the size of the cell during the transformation, we obtain a decrease of teff(d- 3 )

an increase of A and therefore R4)> o. (teff is the coupling consta.t between the

cells).

For a one mode behavior (one type of oscilation)a long correlatios exists and
teff(d-3) decreases slowvy relatively to the decrease of the root mean square

deviation of the oscllation frequencies,A decreases and R$)< o.

The fixepoints R((=Vo occur atA-o, XA-O (one mode, two mode) and the

unstable fix point at A zAcd it (A4> leA . A w 4% o~ A.( A AJ3
which describes the point of transition from one mode to two mode behaviour.

For a given z, we findA for which RQA)-o and respectively the value of

We plot a grapb& AZJ1) for constant z and a graph of z,J :Jfor

constants&.

Fig. 1 shows our results for Z-0.5 which are compared to the W.R.E.I. and C.P.A.

models. Fig. 2 shows the results for& -1, which might explain the behaviour of

the crystal InSbXAs l- whoee OI.f and-1.38 and has been found to behave oe

mode for Z-0.25 and two mode for Z-0.85.

We mention that our approximation might change the value of the unstable fis d

point , (to ,sler A. ) and as a result thw function U - Z(A)

(Fig. 2), appears to be shifted upwards for Tclose to 1.e appiainsMai

involves less deosorder.

/'

)(
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COHERENT POTENTIAL APPROXIMATION AND STRONGLY ANHARMONIC SYSTEMS
CRYSTALS OF PARA-HYDROGEN AND NEON RESP, HYDROGEN ATOMS

K. Ken and W. Bien

Inatitute of Thsortioa Phyio., niviereity of Giesen, D-6300 Gieseaan, F.R.G.

Abstract.- For mixtures of p-hydrogen and neon in the solid
state phonon calculations have been performed by combining the
CPA and the self consistent phonon approximation (SCP) to include
the strong anharmonicity of the system. The structure changes and
the phonon spectrum have been calculated as function of the con-
centration. The method has also been applied to mixtures of p-H 2
and hydrogen atoms.

Under the solids which are known to be quantum crystals there are

several systems of two or more kinds of molecules statistically mixed

on the lattice. position, e.g. o-H2, p-H2 mixtures, H2-D2, H2-Ne mix-
tures. These systems are strongly anharmonic because of changing force

constants as fuaction of the mean distance of the molecular pairs and
of the large amplitudes of the zero-point notion. To calculate their
phonon rep. roton spectra the theories of statistically disordered

crystals which are harmonic have to be generalized to take into ac- 'I
count strong anharmonicities.

The single site coherent potential approximation (CPA) is well
known to be the best working method to calculate phonon spectra of dis-
ordered crystals abstracting from its weakness in describing pair and
clustering effects. We have combined the CPA and the self-consistent

phonon approximation (SCP) to get a first insight into the dynamics of

anharmonic anu disturbed crystals of two compounds.
one of the simplest disturbed systems seems to us to be the p-hy-

drogen neon system since the pair potentials are roughly equal and the

mass ratio is lo (wisotopical disorder"). The large mass ratio produces

a big difference in the zero point motion. Therefore, the structure in
the neighbourhood of one guest molecule in a host crystal is strongly

changec and with it the force constants. We have simplified the prob-

lem to a certain extent to reduce the numerical difficulties: the
structure has been face centered cubic for all concentrations though
high hydrogen concentrations are stable in the hexagonal closed packed
structure. We have used always the regular cubic point symmetry for

every lattice site occupied by a guest molecule. We have not considered
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refined quantum effects (no quantum diffusion). This may turn out to

be too much simplification: There nay occur deviations from statis-

tical mixing through correlations - static or time dependent. But the
problem' remains complicated enough and the numerical problems grow

consiaerably with the model of the neighourhood of the guest molecule.
We have started with a model where only the nearest neighbours could

relax. This model turned out to be to rigid: the global lattice con-

stant changed too nuch, the frequencies changed partly in a wrong di-

rection. Therefore, we introduced another model with relaxations up
to the fourth neighbour shell. All static and dynamic displacements

were restricted not to violate the cubic symmetry.

Since hydrogen form quantum crystals, the short range correla-
tions have to be takcen into account. We have done this with Jastrow-

factors of an appropriate kind.

The whole calculation turned out to be a voluminous one to be

solved self consistently with several variational parameters: the lat-

tice constant a, the static displacements from the lattice points of
molecules in four shells in the neighbourhood of a guest molecule AR ij

*the width parameters y ij of the displacement-displacement correlation

function, and the parameters in the Jastrbwfactor. The iteration pro-
cedure turned out to be very difficile and special tricks had to be
used to reach convergence. Calculations were performed mostly on the

i'e-(p-H 2) system, a few on p-H 2-(Ne) and on p-H 2-(H atoms). The table
contains the static structural changes, the figures show the spectra

of the crystals, some Jastrowfactors and the comparison of the mean
lattice constant from which follows, that the model with relaxation of4

four shells is necessary to describe the local displacement field of
the point defeet formed by a guest molecule.
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RAMAN SCATTERING FROM PHONONS IN DISORDERED CsMgl...CoxCl 3

I.W. Johnstone, G.D. Jones* and D.J. Lockwood

Physics Division, National Research Council, Ottawa, Canada ViA 0R6

*Physice Department, Canterbury Univeity, Christchurch, Now Zealand

Abstract.- Five zone-centre phonons have been mneasured at low temperatures and
f or a range of concentrations in C.Kgl CO Cl3 . Three 9 modes and the A
mode all exhibit the expected one-modelehaviour. A new 2 heoxy is requireIgto
explain the unusual concentration dependence of the 91g phonon intensity,
lineshape and polarisatlon.

1.* Introduction.- The lattice dynamics of Aill 3 compounds have been widely studied

and many possess the Cd(gCl 3 structure (see figare 1) of space group D4h with two

formuzla units In the primitive call. A factor group analysis predicts A, g4 E1lg+ 3E2g9
Raman active modes. The Al.g and E1g mods comprise chlorine ion motion*,

perpendicular and parallel to the c WZ axis respectively, while the K2g modes

involve halogen and cesium ion displacement* In the hexagonal (X,Y) plane. Ws have

studied the mixed crystal C@lgi,_1 Co XCl. to clarify assignments of phonons in i
CdW1112and CoCoC13* and thereby assist the interpretation of the highly

structured vegoU spectrum Of CNCoCl 3.3

2. 9mmy.mnt and Results - Large single crystals of Csdl 1..x 1l were grown with

concentrations in the ranges 0 e. x -c 0.2 and 0.6 < x c 1. laman spectra were

excited with 100 di of 476.5 an argon laser light In the 900 scattering geometry

1C..)!. analysed with a double noochrmtor (2 cmi- resolution), and recorded under

computer control. Polarised 3imn spectra for pure ColgCl 3 recorded at 5 K allowed

unsambige sesis mto of phones lines at 55.0, 127.5, 132.0, 19.0 and 255.0 cm- 1

to symmery species zKo Big, %p 32S and %~, repectively. The AI mode showed

no anmaolous ('IX) intensity In contrast to that found earlier. 1 Vilpre 2 presents

part of the reamits .btinsd f or the mixed crystals. The scattering from12 d

Aig pheonons follows D6. selection rules for ali concentrations and only the A, and

22 (132 cmi1) modes show appreciable frequency shifts with incretasing z. AUl of
ches p os ehibit esmods behaviour as predicted by theory.##
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Figure 2 shows the dramatic changes in band shape and intensity for the Elg
phonon as a function of x. The single line observed at 127.5 cm- 1 in (ZX)

polarisation for x = 0 becomes a pair of lines by x - 0.19. By x - 0.63 this fine

structure has smeared out and the continuum of scattering to higher frequency is now

more prominent and has equal intensity in (ZX) and (YX) polarisations. As x is

further increased beyond x = 0.8 the 91 band disappears and the continuum becomes

weaker, being barely visible for x - 0.86. The intensity ratio IZX/Iyx for the EIg

phonon also changes with concentration and IzX - I for x - 0.63, contrary to D6h

selection rules.

3. Discussion.- The degenerate E g mode has normal mode displacements of the form4

ZI+Z2-Z4-Z6-2Z 3+2Z 5 and /3(ZI-Z2+Z4-Z6) using the atom labels of figure 1.

Therefore the Raman cross-sectlon for this mode should be relatively insensitive to

substitution of the divalent metal Lon, and the other Raman active modes behave

sensibly in this respect. Thus although the g mode frequency is concentration

independent the lineshape, polaristion and intensity behave anomalously.

Extrapolation of our data indicates a frequency of - 127 cm- I for the EIg mode in

CSCoC1 3 , as opposed to an earlier assignment of 118 cm' 1.t3 4

References
1. . Breitling, W. Lehmann, T.P. Srinivasan and R. I eber, Solid St. Commun. 20

525 (1976).
2. M.H. irooker and C.-H. uang, Nat. Res. bull. 15 9 (1960).
3. W. Breitling, W. Lehmann, T.P. Sriniveas , L eber and U. Durr, Solid St.

Cown. 24 267 (1977).
4. Further details are given in I.W. Johstone, G.D. Jones and D.J. Lockwood, Solid

St. Commn. 39. 395 (1981).
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VIBRATIONAL EXCITATIONS IN a-Si:F AND a-Si:F:H ALLOYS*

B.K. Agrawal

Department of Physics, University of A1Z7habad, AZlahabad, India

Astact.- The vibrational, exoitations both in the Si bulk
band mode region and above it at the Impurity *entree in the
various onxfigurations for the &-Si:F and a-Si:F:H alloys,
have been obtained by using a cluster Bethe lattioce method.
The predicoted frequencies are in excellent agreement with the
available experimental data.

We consider hele only the nearest-neighbor central and non-

central force constants. The force onstants chosen to reproduce

the experimental frequencies are shown in Table I. Pigs. I end 2

exhibit the phonon density of states at one Si atom and at one P

atom in the Sip, SiP2 and S1P3 configurations. All the calculated

icoalised mode frequencies are in excellent agreement with the data

of Shimaeda et l. . It should be noted that a central force constant

chosen for each configiuation given rise to two loolised. fr*quen-

Oise in Sip 2 and -IP. configurations in agreement with the measured

frequencies.

We then oloulated the phonon density for SI1 and SiF2a oonfi-

gurations (Pigs. 3a and 3b) respectively. The oentral and angular

1.4 Pi, 1 .: Local phonon den-
1 F. sity of states for SI?

configuration. The coti-

1.0 4 - nuous and dashed curves
p I,1 depict the densities atp

0.m end Si atoms, reeeotive y06 for M( - 4.43j 10' IO/cm,
0.4 a 10 dyn/m whereeoe resonance mode apeare

0.4 at 224 om- 1 . (The value of
I JS is here different from

0.2 %that of Table I In the text).
- -h---- T small diashed lines at00 i ,tons show the connection

to the Bethe lattice.
F 0UCY (a. " )

Work supported in parts by Baience Research Oounacl, U.K. and by
Vhivereity Grants Omission, New Delhi.
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Table I - Assigmment of the measured frequenoies against the various
oonfigurations in a-Si:? and a-Si:?:H alloys. / and
denote the oentral and angular foroe oonstants, respeo-
tively.

Poroe constants Resonanoe and localised frequencies
confi- Bond (105 dyn/cm) (cm')

guisiion Caloulated Measured

a-Si Si-Si 1.40 0.17 510 490
sip Si-F 4.43 1.01 300 300b

830 85 0' 8 2 8 b
, 
8 30 0'd

SiP2  Si-F 5.40 1.01 300 300b

330 32 5 a (tentative)
868 870 (8 2 7)a

968 965, ( 9 20)a, 9 3 0 b, 95 0o,97 5d

Si? Si-F 5.71 1.01 300 300b

375 380b

520 5 1 5 a 5 10 b
840 838&

1016 10 1 5  d 10 10b

sips Si-H 2.27 0.43 529 5 1 5 a ,
5 1 0 b

Si-P 4.43 1.01 792 8 28b

877
b d

902 890b 900
2000 1 98 5 b 200 0 !

Sil2H Si-X 2.48 0.43 300 300

S1-P 5.40 1.01 330 3 2 5 ' (tentative)

385 38 0 b

529 515 , 510

820 8 2 8 b

839 840b

908 8 90 b 90 0d

992 97 5d
b d2090 2090 2100

t a reference (1) b s referonoe (2)

o : reference (3) d : reference (4)
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force constants for the Si-H bond were first fitted to reproduce the

experimental frequenoies in Siff, Si 2 and Si. 3 oonfigurations in

pure hydrogenated Si material, i.e., 630 om- 1 and 2000 om-  for Big,

and 850 cm- , 890 am and 2090 am for Sil 2 . For the SiN3 o ifi-

guration the oalculated frequemnies are 875 am , 910 omn-  mnd 2140
-1

m . For the Si-F bonds, the values of the force constants were

chosen similar to the pure-fluorinated Si materials. A perusma of

Table I reveals that almost afl the predicted frequencies have been

seen in the infrared data.

Si f, (a)
1.2

.11
__ _ _ _ __ _ .0 *. F

1.2 -) °

- I -Si10 .0.3 -

o~s ~0.6
0.6 0.4

0.2 0.41 SW2 (b) F

0.4

o.o M wo M Me vo 0 zoo 40 o Mm MO

Fpmgmm (40) F (L n-1)

Same for Pic. 1 except P I Same for Fig. 1 except
that for (a) 812 and (b) Si!' that for (a) Sil and (b) 132 R
configurations. configurations. The density at

R atom apears mainly above the
bend mode region.

1. T. Shimada, T. Kat wama and S. Horigome, Jap. J. AVIp. Fhys.
12 Z265 (1980).

2. L. Loy, N.R. Shalks, 0.J. P ng, K.J. Grant emd N. eardena,
Pbre. Rev. AU, 6140 (98O).

3. H. ateumara, T. Nekagone and S. 1 mnkwa, Aspp. P1y., Lett.
It. 439 (1980).

4. M. Konae and K. Takahehi, A9ip. PhY. Lett. , 599 (19S0).
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A STUDY OF POLARITONS AND PHONON PECULIARITIES IN CuCll-xBrx

0. Brafman and G. Livescu

Department of Physics and Solid State Institute, Technion-IsraeZ Institute of

Technology, Haifa 32 000, Israel

Abstract.- The optic phonon anomalies found in CuC. Br by means of Raman
scattering and polariton measurement are presented. 'flese irregularities are
explained in terms of a model which accounts for the phonon and other
anomalies in pure Cu-halides.

The optic phonon modes in CuCl lxBrx show an irregular behavior even at low temper-

atures. This is true with respect to concentration dependent phonon frequencies,

their Raman intensities and especially their oscillator strengths. The oscillator

strengths were deduced from fitting the calculated polariton dispersion to that

measured by means of Raman forward scattering. Figure I shows the frequencies of

the three oscillators so obtained. The notation (1) and (2) relates to the main

oscillators, while d stands for disorder induced lines
(1 ) . In fig. 2 the three

oscillator strengths are presented as function of the anion concentration. The

oscillator strength in a crystal is proportional to the number of oscillators

participating in a given mode. Therefore both oscillator strengths In a two mode

solid solution decrease gradually with mixing. This is obviously not the case in

Cucld xBr as shown in fig. 2 and it can not have a simple and straight forward

explanation. On the other hand this behavior of CuCl 1x Brx optic phonons is not

totally surprising. Even at low temperatures where CuBr phonons are well behaved,

the phonon spectrum of CuCl sovs wmerous anomalies and those were widely die-
(2)cussed earlier . The main feature is the appearance of two polar modes instead

of a single expected one mode. The two polar modes, labeled 8 and y, exhibit the

same symmetry but differ considerably in linewidth and in the effect of temperature

on the lines regarding intensity, frequency and width.

We shall interpret the present results with the help of a model which successfully

explains the anomalies in pure CuCl 2 ) . It is ssumed that Cu may occupy off

center sites in CuCl giving rise to the B mode while those in ideal sites

participate in the y mode. Microscopically CuC Ix Brx can he described (3)as being
composed of five types of tetrahedra with n chlorine ions and 4-n bromine ions,

o<n4, with x dependent probability. The main assumption in the present work is

that Cu+ may occupy off center positions, only in tetrahedra built exclusively on

chlorine ions (n-4), and that it should then occur with the same probability as

in pure CuCl. On the other hand in all tetrahedra with n#4, Cu+ occupy solely

*Work supported by the Israel commision for Basic Research and by the Fund for the

Promotion of Research at the Technion.

. . . . . . . . . .
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Fig. 1: The frequencies of TOMi-LO(1, Fig. 2: The three oscillator strengths

TO(d)-LO(d) and To(Z)-LO(2), at various Sit S2 and Sd (triangles, crosses and

concentrations. circles respectively) for the various

concentrations. The lines serve only as

a guide to the eye.

Fig. 3: A layout of the functions used

CuC,. Br, for deducing the S (x) and S2(x) (heavy
11K lines). S cuCl I S uBr and S (xW are4

2"
indicated and are explained in the text.
The dashed line is (SCJC - Sd). The

triangles, crosses and circles are the
sit S 2 and S d values respectively

scdk deduced from polariton data and are the
X same as in fig. 2.
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central positions. Fig. 3 presents the principal features of the calculated

oscillator strengths (S) of the various modes as function of concentration, which

result in SI(x) and S2(x) - the main calculated oscillator strengths presented in

heavy lines in the figure. The total oscillator strength of each compound is

assumed to vary linearly with x(S CC " S CuBr). SB(x)=1.7(1-x)4 where SB(o)-1.7

is the S of pure CuCl and f-(l-x) is the probability of tetrahedra with n-4. The

B mode of CuCl and the mode of CuBr exhibit a one mode behavior thus Sa(x)+SCuBr(x)

add to SI(x), which is the lower frequency polar mode. The contribution of B-CuCl

to S1(x) decays very fast with x, corresponding to the decrease in the concentration

of "all chlorine" tetrahedra in the mixed crystal. SCuCl W - Sd (x)-SB (x) yields

S2 . The Sd is small compared to the other two oscillators at all concentrations.
2 d +Sd is the result of disorder and is affected also by the ability of Cu to occupy

off center as well as central sites. Triangles and crosses are the experimental

values of S I(X) and S2 (x) obtained from the polariton measurements (the same as in

fig. 2). Considering the fact that the only parameters we used were those employed

in fitting the polariton data, the fit is self consistent and in addition it gives

reasonable solutions to the problems which were presented earlier.

References
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FREQUENCY DEPENDENCE OF ACOUSTIC SATURATION IN SMOKY QUARTZ

R. Nava and H. Rodriguez

Instituto Venzolao de Investigaciones Cientfficas (IVIC), Phyeics Center,
P.O. Box 1827, Caracaa 1010A, Venezuela

Abstract.- High frequency ultrasonic measurements were oerformed
in galmua irradiated natural quartz at i.e K at frequencies down
to 20 MHz as a function of applied power. The two-level systems
resonant attenuation shows saturation effects which decrease
notably at frequencies below 200 MHz. These results are con-
sistent with a decreasing density of states at frequencies close
to A0 .

A conseauence of the tunnelina model of TLS in amorphous and
disordered solids is the existence of a gap in the density of states

n(E) for energy solittinges F = /A2 + A! smaller than the tunnel
splitting A.. Among the observable effects of this prediction would

be a departure of the low temperature specific heat from linearity in
T and a rapid decrease of the resonant ultrasonic attenuation for

frequencies w such that -t w<A. /1,2/. For TLS in crystalline

matrices one expects A, to be single valued or, for small amounts
of local disorder, narrowly distributed so that the change in these
orooerties would take place in a shorter temnerature (frecuency)

range than for classy TLS. In this work we report the disappearance

of the resonant ultrasonic attenuation of gamma irradiated Brazilian

quartz for freauencies below 140 MHz in accordance with the existence

of a gap in the density of states.

The intensity dependence of the resonant ultrasonic attenuation
of shear waves along the AC-axis of crystals irradiated to 1.5 x 106

Rads was measured in a non-resonant samle holder bathed by He

pumped to 1.2 K. Typical acoustic intensities varied from 20 mW/cm2

to 5 uW/cm2. An ultrasonic pulse length -p of I microsecond was
used throughout. The attenuation coefficient was determined from
pulse-echoes seloarated by several hundred microseconds. The output

of the video detector was averaged by means of a transient recorder
coupled to a multichannel analyzer.

The experimental results show a frequency independent resonant

attenuation above 200 4Hz followed by a drastic reduction of a for

frequencies below about 170 Ms. The magnitude of the attenuation at

. . .. -"i 1 I -
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140 MHz is barely discernible

above the exoerimental accuracy

(5 x 10- dB/psec.) and undetect-
e •able below this frecuency (Pig.lI.

'e also find a freauency indepen-

2 dent critical intensity Jc of

about 35db below a reference
10 2

FREOo0 0 acoustic intensity of 200 f/cm

Assuming steady state con-
ditions at low freauencies

is 0 1w<<2kT) the attenuation coef-
'T '00 ficient of the unsaturated res-

A 150 MHz onant absorption is given by:Z4

10 li ( - 2 w>A .

S- - .... 0 5w< A,
-- For enerov salittincts greater

ACOUSTIC INTENSITY J (deI

(Od-2OOmW/cm2I than A. a constant density of

states n. describes well these

and previously reported resultsFi.1: Intensity dependence of
Uiilative resonant attenuation /3/. For enerqy snlittings in the
in smoky cruartz. The inset shows neighborhood of A0, assumed here
the frequency dependence of the nA
maximum attenuation change. to be single valued, the decrease
Curves are only visual aids. observed in the unsaturated

absorption (jc ) takes place in a frequency range comoarable to the

inhomogeneous linewidt-h T.
In the inset of Fig. 1, ve have plotted the frequency dependence

of the maximum resonant attenuation. The width of the transition is

about 50 NMz. From this curve we estimate A, and T2 to be 130 Mzu

(0.5 peV) and 3 nsecs., resoectively. Taking for n, the specific
heat value (6 x 1032 erg "1. cm- 3) we find from Eq. (1) yt ~ 0.14 eV

which is 20 times smaller than that reported for quartz glass /4/ and

close to the mean value calculated from (yA*) obtained by dielectric

loss measurements /2/.

In summary, by studying the frequency dependence of the resonant
ultrasonic attenuation due to TLS in smoky quartz we have established

the existence of a gap in the density of low energy states as pre-
dicted by the tunneling model.

RAZf3R1CXS

1.- J.C. Lasjaunias, R. Maynard and M. Vandorpe, J. de Phys. 39,

,, a i 8 -



C6-I 01

C6-973 (1978).

2.- J. Chaussy, J. Le G. Gilchrist, J.C. Lasjaunias, M. Saint-Paul

and R. Nava, J. Phys. Chem. Solids 40, 1073 (1979).

3.- M. Rodriguez, F. Garcia-Golding and R. Nava, Phys. Lett. 79A, 241

(1980)

4.- S. Hunklinger and Wl. Arnold, Physical Acoustics 12. Eds. W.P.

Mason and R.N. Thurston (Academic Press, New York, 1976).

fi

I

~ .



JOURNAL DE PHYSIQUE

CoZloque C6, ouppIgment au n 0 12, Tome 42, d~cembre 1981 page C6-102

THEORY OF THE ATTENUATION OF ELASTIC WAVES IN INHOMOGENEOUS SOLIDS

P.G. Klemens

Dept. of Physics nd Inst. of Materials Science, Univ. of Connecticut, Storrs,
CT 06268, U.S.A.

Abstract.- Temperature variations accompanying elastic waves
cause heat conduction, entropy generation and thus attenuation
of the waves. In homogeneous solids the temperature variations
over half a wave--length and those between different phonon
groups cause comparable attenuation. In inhomogeneous solids
the temperature gradients are enhanced. The resulting attenu-
ation exceeds that due to Rayleigh scattering except at very
high frequencies or at low temperatures. Small inclusions and
fiber-matrix composites are discussed.

1. Introduction.- In homogeneous single crystals the attenuation of

elastic waves arises from the cubic anharmonicities. Kirchhoff first

proposed a heat conduction mechanism for gases,(I ) which can also be
applied to solids. Attenuation due to the smoothing out of temperature

differences between different groups of phonons was treated by

Akhieser. (2 ) In both cases do the elastic waves set up temperature

differences, and the irreversible heat transfer generates entropy so

that elastic energy is converted into heat.

There are two additional attenuation processes in inhomogeneous

solids. One is Rayleigh scattering, owing to variations in the local

value of the wave velocity. The other is an enhancement of the heat

conduction mechanism, because temperature differences are set up be-

tween neighboring regions of different thermal expansivity, so that

temperature gradients are increased. This was discussed by Zener.
(3 )

It will be seen that the latter mechanism is more important than

Rayleigh scattering except at very high frequencies or at low tem-

peratures.

2. Homogeneous Solids.- The adiabatic temperature change due to a

dilatation A is given by

dTs= -YT (1)

where y is the Gru'neisen constant. If either A or y varies with

position, T will likewise vary and obey

3T/t=DV 2 T + OTS /t (2)

where D is the thermal diffusivity. If y is independent of position,
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one can write for a wave

A=40oexp i(k.r+wt) and BT=T' exp i(k.r+wt) (3)

and from (2)

iwT'= -k2DT' - iwyAo  (4)
Per unit volume, the rate of energy loss from the wave is re-

lated to the rate of entropy production by

-dE/dt=T dS/dt=(K/T)Igrad T12  (5)

where K=DC is the thermal conductivity, and C is the specific heat
per unit volume. The energy content per unit volume of the wave is

E=AA2 , where A is the bulk modulus. Thus one finds for the rate of

energy loss
l/T = -EidE/dt=y2 (T/T ) W2 (2 + W2)- (6)

0 0 0
where To is defined equal to X/C, and the characteristic frequency
Wo is defined as

=k 2D . (7)

Now wo depends on the wave frequency w, since k=w/v, where v is
the wave velocity. At all but the highest frequencies wo<<w, so that

the Kirchhoff attenuation becomes

l/Tx = Y2(T/To)(D/v2)w 2  (8)
The Akhieser mechanism can also be described by (6), except that

in place of y2 one must now use 2, a weighted mean square vari-
ability of y for the different groups of lattice modes, while Wo
describes the rate at which their temperature is equalized by phonon

interactions. The lattice component of the thermal diffusivity is I
Dg:v 2/3Wo, if we disregard the difference between three-phonon N and

U-processes. One is always in the limit w<<wo, so that the Akhieser

attenuation becomes

l/TA= :F2(T/T )(3D /v2)02  (9)
While formally i/T A exceeds I/TK by a factor 3, it may well be the
smaller of the two, since y must be less than y2 and since Dg is

only the lattice component, not the total D. A further reduction in

l/TA' perhaps by a factor 2, results from the inclusion of N-proces-
ses in the definition of wo"

3. Inhomozeneous Solids.- Temperature gradients and entropy genera-
tion are enhanced if the thermal expansivity or y depend on position.

If the Fourier components of y(r) have principal components of wave-
number q and if the inhomogeneities are of small scale so that q>>k,

A can be treated as independent of position, so that q2 replaces k
2

in (4) and (7), and (6) still holds with wo redefined. However, in

; ... 4 '. ..j .. ...
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place of y2 one must use
y2 £ viyi - (E viyi) (10)

where vi is the fractional volume of the component of Grtneisen con-

stant yi If the smallest diameter of the inhomogeneities is L,

wo= 2D/L, where D is the smaller of the thermal diffusivities.

4. Some Numerical Cases.- Consider small colloid inclusions such as

produced by neutron irradiation in crystals, with L=lxl0 - 6 cm. Take

To=25,000 K, T=300 K, and D=vL/3, so that wo=3xlO11 sec -1 . Now

y2=nV0AY
2 , where Ay is the difference between y of the inclusion and

matrix, n the inclusion density, V0 the volume of each inclusion. Let

by=l, then from (10) and from (6) with w<<w o

l/T = 3xl0 14 nVow 2 = 1.5xl0- 1 6w 2  (11)

in inverse second units, the second value being for nVo =0.005. This

may be compared with Rayleigh scattering by these inclusions with

6v/v=i and v=3xl0 5 cm/sec :-

1/TR = nV0(Vo/4v
3 )w4=2x10"3 5 nV 4 (12)

so that Rayleigh scattering is relatively weak below 6 GHz. At low

temperatures attenuation by heat conduction decreases as TC.

As another example consider a composite of fibers embedded in

a continuous matrix, each component occupying half the volume, with

fiber diameter ixl0 - 3 cm and D=1 cm2/sec, so that w 0=xl07 sec -1 .

With the same material parameters /=3xl-10 W 2sec-i due to heat con-

duction, while for Rayleigh scattering li/TR =xlO-1 9w 3. The attenua-

tion by enhanced heat conduction is much stronger than intrinsic

attenuation in either component, and exceeds Rayleigh scattering

below about 10 MHz.

This work was done in collaboration with the Engineering

Materials Division of the Naval Research Laboratory.
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LOW FREQUENCY RAMAN SCATTERING IN MIXED Gal-xAlxAs AND Ga_xlnxAs

ALLOYS

R. Carles, N. Saint-Cricq, A. Zwick, M.A. Renucci and J.B. Renucci

Laboratoire de Physique des Solides, Associd au C.N.R.S., Universitg Paul
Sabatier, 31062 Toulouse cedex, Fzrce

Abstract.- We report Raman studies of disorder induced scattering in the
GaixAlxAs and Ga1 _xInxAs alloys. Previous results [1] are confirmed for the
Gai.xAlxAs system for a wider range of concentration. The role of the substi-
tuant is discussed through the analysis of the Ga1_xInxAs system.

Introduction.- To extend resultson a Ga0.8 0Al0.2 0As crystal El] we performed experi-

ments to a concentration of Al equals 0.50. Mass and size effects related to the na-

ture of the substituant are analyzed on the Ga 1 _xInxAs system.

Results and discussion.- All experimental details are provided in reference [1]. All

the samples used in the present work were layers L.P.E. grown on a the (100)face of

GaAs substrate.

Figures 1 and 2 display, respectively, the results obtained, at 300 K, for

Gal-xAlxAs and Ga -xIn As. Although the exciting laser wavelengths are different (see

figure captions) resonance effects are excluded.

As in reference [I] we find that, except for the GaAs LO(r) mode, the crystal-

line symmetry is also lost for the Ga 1xInxAs alloys. Therefore we give only two types

of spectra in figures 1 an 2. a(b) refers to crossed (parallel) polarizations of the

incident and scattered lights and corresponds to the r15 (r1 + 4 ri, ) Raman cross

section [1]

Let us first compare for the same concentration (x - 0.20) the spectra of the

two alloys.

j The main effect of the substituant appears for the long wavelength optical modes

and is related to mass effects (rAl < Mg< mI.). Indeed a AlAs-like band stems abo-

we the frequency of the LO(r) in GaAs. This band merges into the local mode of Al

in GaAs as x reaches zero. On the contrary for the Ga 1xIn As compounds a structure
shows up below the O(r) around 235 csa - . It gives for x -0.09 a shoulder (fig. 2)

which materializes clearly the impurity mode of In inGaAs. As there is no gap in the

phonon density of states of GaAs [21 it is an in-band mode and denoted Ab (In :GaA).

The symmetry of this mode is r15 (see fig. 2) as expected theoretically.

The structure at 265 cm (fig. 1), which is attributed in reference [13 to GaAs

,M.. - .
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Gc1.. NAIKS 300K 'WWMW Ga$tXlnXAS 300KI
WOOS" DAOI.!tl

OAU A

EItS hA OILS

Fig. I - Raman spectra observed, at Fig. 2 - Raman spectra observed, at
300 K, for three Ge1...,AlxAs samples. 300 K, for three Gal-.xlnxAs samples.
The exciting laser wavelengths are The excij ing laser wavelengths are
X=5 3081 for x-0.20 andA-5 1451k A 4880 K for x-0o.09 and x-0.20*
for x -0.35 and 0.50 . X- 5 3081 for x-0. 40

disorded activated transverse optical processes (D.A.T..), is also present in the

G& 1 XIn,"s system (fig. 2) whereas the D.A.L.0. of Ga"s (fig. 1) is obscured by the

Inks-like band. This one is noted D.A.0. (fig. 2) as it is hard to distinguish bet-

ween longitudinal and transverse processes.

In the low frequency range the D.A.T.A., 2TA, and D.A.L.A. modes appear also in

the Ga 1 X 1 In.As alloys although the structures are less resolved. Their frequencies

are shifted to lower energies compared to those found in GaAs Ill. due to mass ef-
fect., as expected. They increase in Ga 1 _ Al xAs for the same reason.

The shift to lower energy of the acoustical branches in the Ga1 -InxAs system

allows to resolve the 2 IA band while it lies within the D.A.L.0. of GaAs for

The ass ignent of the structures discussed above for x -0.20 are confirmed by

the variatins of their frequencies, widths and intensities upon concentration.

As already mentiamned spectra are less structured for the Ga .. InAa system. In

the acoustical range this is relate4, in part~to the larger width of the 2TA band.

Due to the biner sise of In, the substitution or In to Ga introduces a distorsion
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of the bond length much more important than the one produced by the substitution of

Al (the bond lengths in GaAs, AlAs and InAs are respectively 2.447 X, 2.452 X and

2.615 X). This effect induces a larger amounL of disorder in the Ga1_xInxAs system

and consequently should lead to wider structures.

The same reason could explain that, for each concentration, the width of the

D.A.T.A. is larger by an amount of T cm-1 on the average,in the Ga1 _xInxAs alloys. In

the same way, the width of the LO(GaAs) band increases by a factor 2.7(1.8) when the

concentration of In(Al) goes from 0 to 0.5.

The intensities of the disorder induced bands reflect the degree of disorder of

the alloy. As a matter of fact the relative intensities of the D.A.T.A. and the

D.A.L.A. to that of the 2TA band increase (fig. 1 and2) with x as the latter is re-

minescent of the order of the perfect crystal.To evaluate more quantitatively the

degree of disorder it is convenient to refer to the intensity of the D.A.T.A. which

is well seen in the two alloys. Indeed the ratio I(D.A.T.A.) / (1-x) I [LO(GaAs)] in-

creases with x.

In figures 1-b one notices also that the intensities of the D.A.L.O. and the

D.A.T.O. of GaAs increase in a way similar to that of the D.A.L.A. Also the D.A.O. of

AlAs get stronger with x .

The "depolarization spectrum" introduced by Kobliska and Solin in the case of

amorphous materials [3] can be measured in the alloys. As all the spectra have been

recorded with the same instrumental transfer fonction, for each concentration, the

depolarization ratio p is given by the ratio of the intensity of spectrum a over

that of spectrum b.One deduces from fig. 1 and 2 that p(D.A.T.A.), for example, in-

creases with x and reaches its maximum value when the disorder is the greatest for

x=0.5. As displays in figures 1and2 P is dispersive, indeed p(D.A.L.A.)<p(D.A.T.A.

This impli that the vibrations which correspond to the D.A.L.A. are more symetri-

cal than those of the D.A.T.A. in agreement with the conclusions of London [4] rela-

tive to defect activated Raman processes in zinc-blende type crystals. As a matter of

fact, although longitudinal and transverse acoustical phonons at X and L become Raman

active, the symmetry of the longitudinal is in part r -like while the one of the

transverse is never r1 . One should point out that the r 1 symmetry of the D.A.L.A.

was well reproduced by the calculations of Tal,.ar et al. [51.
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SOME ASPECTS OF NONLINEAR LATTICE MODELS

H. Bttner and H. Bilz*

Phys. Inst. Univ. Bayreuth, D-8680 Bayreuth, F.R.G.
*.ax-Planck- nst. far Feetkerperforschwg, D-?000 Stuttgart 80, F.R.G.

Abstract.- A theoretical study of various static and dynamic so-
lutions in a one-dimensiona.t lattice with anharmonic electron-ion
coupling is presented. The stability of the different commnensu-
rate groundstates is investigated and both kaiak- and phonon-ex-
citations are described. The coupling of nonlinear excitations
to phonons is discussed in detail.

It was pointed out some time ago, that the microscopic origin of

ferroelectricity in perovskites is due to the configurational insta-

bility of 02- and its homologues, which leads to a strong anisotropic,

anharmonic polarizability '2 . This assumption was recently tested di-

rectly by a M68bauer study on LiTaO 3 and applied to various other ma-
terals lieKa N 6,76,

terials, like KTaI- x NbxO34; SrTiO3 -: K2SeO 4  , and SnTe6'7 in a self-

consistent description of their phonon spectra. A discussion of the

nonlinear excitations in a one-dimennional version of this model has

been given in Ref. 8,9, and the coupling to phonons is studiee in de-
10 6,1

tail in Ref. 6. Extensions to two- and three-dimensions "Lave also

been successful.

In the following we shall review some results from the literature

and present new investigations especially on the stability of the stat-

ic nonlinear solutions and their coupling to phonon-excitations.

The essential feature of the model is a highly local electron-ion

couplin. The instability of the transverse ferroelectric mode is at-

tributed to a negative electron-shell ion-core coupling constant g2.
The paraelectric mode above the phase transition is stabilized by a

fourth-order shell-core coupling g4" For a discussion of the relation

to other ferroelectric models see Ref. 8,6. In the simplest version of

the model, a monatomic chain, there are additional nearest-neighbor

shell-shell and core-core coupling constants f and f' (see Fig. 1).

-- mI , . I _ 1 I _ I, i i i' .... 'I
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M 
4f'

Fig 1. Part of the one-dimensional lattice model,
with harmonic nearest-neighbor coupling between the
electron shells f and the ions Vf the local elec-
tron-ion coupling is described by a harmonic coup-
ling g2 and a fourth-order term g4 "

The classical Hamilton-function of the chain is written for the dis-

placements un and vn of the ion and the electron-shell with masses M

and m respectively:

H m 1 2 + MIu2 + g 2  (v-u )2 + !4--(Vun) 4+
n n n n n n fl 4 n nn

n n n

n (1)

+ "1n (V-Vn_) 2 + f-'I (Un-Un.,) 2

with the corresponding equations of motion (in the adiabatic approxi-

mation ) :

Mn = g2wn + g4 wn3 + f
'Du n  (2)

3
O w -g2 wn - 4 Wn 3+ f D(wn+u n )

where the difference displacement wn = vn - un is used and the differ-

ence operator Dun = Un+1 - 2 un + un 1. .

The static periodic solutions on the lattice are the fixed points
of the corresponding recurrence relations between wn+i (un+i ) and

9wn' Wn_ 1 (un' un_1) . Usually one has to find these points numerically,
but for low-order periods the analytic results are given in Table 1.

Periods of higher order are more complicated. The displacement pattern

of period 2w/S for example has two different displacements on site

wsm+1 - Wsa+3 - WSm+5 -w8m+7 and site wm+2 B w8m+6 related by

I .o -,.j -,"', ... :. ,
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Period Electron-Ion Displacement w Energy

2 1T/k Displacement-Pattern

k = 1 w2 = -g 2/g 4  E1 = -g2
2/4g4

(ferroelectric) IIELLTT

F= 2 2 9 2 (4
4 f r) 92 2= 14

k = 2 w= (-) E1-r 2 4q4  -g 2
r

(antiferro-

electric) t I t

k =3 w=, 2=-- f2 g2.
3 r) E 2

(Periodon) 2 4  2 3 - 92

w2 " ,2 g2
2 fr g 2

2
1 2f 2

,' k=4wo-O= 1=- 3) -- 4Q E4 = - g

W0 3=O w1 -w2=(-w) =(-w 5 ) E6 = -6 4  g2

Sg2
j

Table 1: Static comnsurate solutons of (2) with different periods.

9 92

!f

=_2+L
94 9

Tal :Sai omnurt ouin f()wihdfeetpros
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the equations:

Wm+1 = 8m+2 (g2/fr+
2 ) + W8m+2 (94 /fr)

(3)
W8m+2 = w (g2/f+

2 ) + w 3
8m+I (2/fr m+1 (94/fr)

with the reduced intersite coupling 1/fr = 1/f + 1/f'.

The energy for the different commensurate states is always nega-

tiv and corresponds to local minima of the Hamilton-function. For

92 < 0 and f,f' > 0 the homogeneous ferroelectric state has always

lowest energy. For g2 
< 0 and f' < 0 but f > 0 there may be other

states with lower energy. But this energy consideration is not suffi-

cient to determine the stable groundstate of the chain. One has to

investigate the stability of the solutions under small time-dependent

perturbations and in addition to this, wether static solutions in the

vicinity of the fixed points stay there under the nonlinear mapping
12,13 of equations (2). We rewrite these for wn as:

w 2  
w~3

Wn+1 = r + r wn + (4/fr) wn + xn

(4)

Xn+1 =Wn

and linearize them by the ansatz:

wn =wno + 6wn  (5)

with the result

6wn+l f(g2 /fr+2) + (3-4/fr } Wo6ln + 6xn (6)

6x n+1 -6wn

For the different fixpoints we now investigate the eigenvalues of the

matrix

13which describes a so-called tangent space mapping . (The method is

analogues to that used by Greene 12 for another nonlinear mapping.)

S-- ;.~,
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For complex eigenvalues of M the fixpoint is elliptic stable. The sta-

ble regions are given in Table 2. Since this stability analysis is

based on some (so far unproven) mathematical assumptions, we also

looked for numerical stability in the vicinity of the comensurate

states and found agreement with the parameters regions of Table 2.

Period k Range of Parameters for Remarks

Mapping Stability

1 0 _ < 2 f or f' have to be negative

2 -6 _2 g/fr < -4

3 -4 _< 2/fr _<-3

4 =2/fr -2 method is probably to weak

Table 2: Range of mapping stability for low order periodic solutions.

These results mean, that in certain parameter areas only one of

the fixed points is stable, although its energy nay not be the abso-

lutdylowest. In the neighborhood of a stable region there may be

incommensurate stable states, which can be reached by leaving the~12,14
stability range of the parameters

Above these static groundstates there are linear phonon- and

nonlinear static kink-like excitations. The latter ones describe, as

in the usual 04-theory, domain walls between the degenerate around-

states of a certain period k. As an example, we write down the equa-

tions for the kink structure in the antiferroelectric state (k = 2),

where the polarization sequenze of the ions is altered from 'up,

down, up ... ' to 'down, up, down ... '. If we assume only small changes

within the unit cell, the continuum approximation for each sublattice

can be used and results in:

W + aw + a 2 14w
w1  w 1  1 2 I 2 2f 2' 1,,,(8)
w+ aw2  + a2w 2  = + 1 w+ w3

r Ir

where w, and w2 describe the electron-ion displacements in the too

sublattices, and a is the lattice constant of the original lattice.

The boundary conditions are w1 - -w2 for x - ±-, in contrast to the

ferroelectric state. Numerical solutions show a static kink-like

transitions in each sublattice. These solitary excitations will

MEO
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contribute to the statistical mechanics of the antiferroelectric state.

Similar solutions have been found above the periodon (k = 3) ground-

state. Details are discussed in a forthcoming paper 1 5 .

The static solutions discussed so far, can easily be extended to
8diatomic chains with one additional unpolarizable ion . Furthermore

there are also solutions of the same type for two-° and three-dimen-

sional 6 systems.
Before describing the coupling of phonons to the periodons we

cite here the corresponding time dependent nonlinear solutions. They

can be written as6

wn = A(q) sin (wt-nqa+6)

(9)
un = B(q) sin (wt-nqa+6) + C(q) sin 3(wt-nqa+6)

with the dispersion

MW2 = 4 (f+f') sin2 (3qa/2) (10)

and the amplitudes

Aq + 4f M 2-4f'sn 2 ( ga/2) sin2 (qa/2)32 MW2-4(f+f')sin 2 (qa/2)

4fsin 2(ga/2) 94 3 2B(q) = -A M 2 4f+f)sin2(qa/2) I C(q) - "1 A /sin (3qa/2) (11)

Note the divergent character of C(q) at qc = 0;2v/3 where the fre-

quency is zero. In order to avoid this unphysical static solutions

one has to chose the phase 6 in such a way that sin(36) - 0, which

results in C(qc M 0;2W/3) - 0 and amplitudes given in Table 1.
The coupling of phonons to these periodons is now calculated

with the ansatz:

wn Wnp + wns u n  unp + uns (12)

;oq
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A special solution is found by rewriting the equations of motion (2)
in two groups:

MU n= (f+f')Duns + fDwns

(13)
(23 2 )w3 -fD(UsWs

o = (g2+3g4Wnp)Ws + g4 wns - (uns+wns)

MU np= (f+f')Dunp + fDwnp

(14)

0 = (92+
394wns)Wnp + g4Wnp - fD(Unpnp)

Our approximation is that used in the selfconsistent phonon treatment
where higher powers of the phonon contribution wns are approximated
by their thermal averages:

3 <2> w ad w 2  2
3 -- 3g 4 <wns > T and 34 n - 394<ws >T  (15)

This results in a temperature dependent coupling

I2 g(T) = g2 + 3 g4 <Wnls>T (16)

Furthermore the phonons are influenced by the periodon solution wnp.

For low temperature we use its static value, which causes a tripling

of the lattice constant:

12I) f g(T) n 0 (mod3)
g(T) + 3 g4 wnp -2g(T)-9fr  n 1,2

For high temperature the periodons are approximated by a time average

2 3 2
g(T) + 3g 4 wnp (q) = g(T) + g4 A (q)

with A2 from (11) and g2 replaced by g(T). This q-dependent coupling
leads to a drastic change of the acoustical mode near q - 2w/3. An
application of this method to the phonon-spectra of various materials
is reported in Ref. 6. Especially the paraelectric-incommensurate and
the incocamensurate-comensurate phase transitions in K2 SO 4 have been

6,7successfully analysed

Furthermore it was found, that the phonon anomalies in TaSe 2

and bSe 3 may be described in terms of our simple model 7 . This shows
the interrelation of our mode-coupling treatment to the description
of these metallic systems in terms of charge-density waves.

ti
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OBSERVATION OF STRONGLY FREQUENCY DEPENDENT LIFETIMES OF ACOUSTIC

PHONONS IN CaF2

R. Baumgartner, M. Engelhardt and K.F. Renk

Inatitut fir Angewandte Physik, Universitdt Regenaburg, 8400 Regensburg,
F. R. G.

Abstract.- A strongly frequency dependent lifetime of acoustic
phonons in CaF2 at low crystal temperature is observed. The
phonon lifetime decreases proportionally to v- 5 indicating
spontaneous phonon decay. Furthermore, we report measurements
of the spectral distribution of phonons generated by nonradia-
tive transitions.

Various attempts have been made to detect spontaneous decay of

high-frequency acoustic phonons without, however, conclusive results.
In this paper we report experimental evidence of spontaneous decay
of acoustic phonons. Our experiment was performed on CaF 2 at low

crystal temperature.

The principle of our experiment is shown in Fig.l. Uniaxial stress
is applied to a CaF2 crystal doped with 0.003 mole% Eu

2+ ions. The 2+

stress leads to a splitting of the lowest excited state level of uI
into a doublet with variable energy separation hv where h is Planck's

constant. This system allows tunable phonon detection up to a fre-
quency v of 3.2 THs.2 For phonon generation the crystal is optically

pumped with radiation of a nitrogen laser. The radiation is absorbed
in broad bands of the 3u 2 + ions. Nonradiative transitions lead to

population of the stress split energy levels and, simultaneously, to

generation of phonons with a broad frequency
distribution. An additional phonon source is

due to one-phonon spin-lattice relaxation in

the doublet levels. Phonons are detected by

the phonon induced fluorescence radiation
0 8 ht S2 (Fig.I). Since the spin-lattice relaxa-

tion time is shorter than I no the relativeI £ ~population of the doublet levels is in
equilibrit with phonons of the frequency v.

Therefore, we can directly measure phonon

ig. 1. Principle of occupation numbers by observing 81 and 8

phonon detection. fluorescence. In addition, from the decay ofI
__l________________

*.• *fm K..-
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the S2 signal phonon lifetimes are

obtained.

Experimental results for phonon

. f lifetimes are shown in Fig.2. We ob-

serve an almost frequency independent

phonon decay time in the range up to
1.5 THz, but, a strong decrease as v-5

_F at higher frequencies. A v depen-

3 dence is predicted by theory for the

case of phonon splitting by anharmonic

three phonon processes. 3 We compare

the lifetimes with theoretical values

calculated for an isotropic dis-

persionless solid. Regarding that due

a.5 1 2 5 to impurity scattering transverse and
v(THz) longitudinal phonons at the same fre-

Fig.2. Phonon lifetimes quency are in an equilibrium, and
in CaF2 at T = 2 K. assuming that only longitudinal phonons

can decay spontaneously, whereas

transverse phonons cannot decay due to energy and momentum conser-

vation, we find that our experimental decay times in the high-fre-4
quency range are in agreement with theory. In the low frequency
range, the decay times are an order of magnitude longer than theT L
ballistic times of flight (TT and T in Fig.2) out of the optically

excited volume, indicating a diffusive propagation of the phonons.

The reason for a frequency independent lifetime is not known, the
low frequency lifetime may be due to inelastic scattering of phonons

at impurities.

In order to obtain information on the phonon spectrum, which is

generated by the nonradiative transitions, we have determined phonon

occupation numbers from the ratio S2/S of the fluorescence intensi-

ties. In Fig.3a experimental phonon occupation numbers p are plotted
for different phonon frequencies. We find that immediately after

laser pulse excitation phonons with a nonthermal spectrum are con-
tained in the crystal. In Fig.3a we have also drawn occupation

numbers for a Planckian spectrum of T- 10 K. This temperature is

estimated using specific heat data for the case, that fast thermali-
sation of the absorbed laser energy occurs. In the low frequency
range, the observed occupation numbers are up to two orders of

magnitude lower than for the 10 K spectrum, while at higher fre-
quencies the experimental occupation numbers are larger than for the

-~ -- ____I
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Planckian spectrum. Our result indicates that by the nonradiative
transitions mainly high-frequency phonons are created.

1 P4. of t.0

P G.Law peLfe ~W:g

91- 3.10.PJ/mm'

940 I0

00

CL 0 

t 
0

I

0 1 2 3 0 I 2 3
TWv ITNIH

Fig.3. (a) Phonon occupation numbers p immediately after laser pulse
excitation (t = O); (b) Phonon spectrum at different times.

From the occupation numbers the spectral energy density of the

phonons is derived. In Fig.3b the spectral energy densities of the
phonons for two different times t after laser pulse excitation are

shown. At t= O we find a large phonon energy at high frequencies. At
a later time we observe a strong decrease in the high-frequency range,

while at lower frequencies the spectral phonon energy has increased.
This confirms that high-frequency phonons decay spontaneously into

phonons of lower frequencies.
In summary, we have studied the temporal development of a non-

thermal phonon distribution in CaF2 at low crystal temperature. The
results of our measurements show, that phonon decay times are

strongly frequency dependent in agreement with theory.
Discussions with R. Orbach are acknowledged. The work was

supported by the Deutsche Forschungsgemeinschaft.
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ANHARMONICITY EFFECTS IN CaF 2 AT LOW TEMPERATURE

P.F. Tua and G.D. Mahan

Physics Department, Indica University, Bloomington, IN 47405, U.S.A.

Abstract. - Using the framework of the rigid ion model, we have calculated
the lifetime of longitudinal acoustic phonons in CaF at low temperature.
The decay mode 1- 1 + t is strongly anisotropic and oi one order of magnitude
smaller than the decay mode 1-i+t + t. For each single decay mode, the
long-wavelength approximation which yields the V5 dependence of 1/T, is
valid for v < 2.5 THz. At higher frequencies, the competing decay modes
show different deviances which, curiously, cancel each other so that the
total life-time can be well approximated by the long-wavelength limit up
to 5.5 THz. We have also calculated the temperature dependence of the
second and third order elastic constants and a good agreement is found
with the available experimental data.

Several new experimental techniques have been recently applied to study the

lifetime of high-frequency acoustic phonons at low temperature Preliminary

reslts [  for longitudinal acoustic (IA) phonons in fluorites, a-quartz, and ruby

show a lifetime longer than the theoretical predictions of Orbach and Vredevoe [31

and Klemens [ 4 1 , which are based on an isotropic model in the long-wavelength

approximation (LWLA). Bron [ 2 1 has suggested that, for SrF2 , CaF2 , and a-quartz,

the discrepancy lies in the differences in the density of phonon states between

the real crystal and an isotropic, dispersionless Debye solid. We believe this is

rsr
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Fig. It Zxmuple of dispersiom curves Fig. 2: Tnper"etur-dpendence of c 44
in Cs, 218J at 295*1. in CaF2 .
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not the case. First, the frequency v of the probed LA phonons lies between 1 and
3.5 11z [2] and the deviances of the dispersion relations from the LWIA are very

small in that region, as shown in Fig. 1 for CaF2 . Second, the form of Orbach and

Vredevoe's relation, where i/T is proportional to v5 , is independent of the

anisotropy of the crystal in the LLA, because it is a consequence of a simple
(5]scaling law , the anisotropy affecting the constant of proportionality slightly.

Another possible explanation is that the three-phonon interaction matrix

elements might show large deviations from the LWLA in that frequency region, even

if the dispersion relations do not. In order to investigate this possibility, we

have performed a numerical calculation of the LA phonon lifetime in CaP for

frequencies between 2.5 and 5.5 THz. We have used the Landau and Runer [ l ] theory

for the case hv>>.T. A simple calculation [ 5 ] shows that the umklapp processes play

a minor role in the region v<5.5 THz, and hence they have been neglected. Strictly

speaking, the calculation is at zero temperature, but the LA phonon decay is

temperature-independent at sufficiently low temperature (<150K, in our case), as

shown by Orbach and Vredevoe 3 1 . We have used the rigid ion model where the ions

have an "effective" charge and the short-range pair-potentials have the usual
(71

Born-Mayer form . The parameters have been determined by fitting the neutron

scattering data [8 ] and the temperature-dependence data of the second-order elastic

19] sa xapeoconstants [9  In Fig. 2 we show the temperature-dependence of c4 4 as an example of
the good agreement between theory and experimental data. We have also performed a

long-wavelength expansion of the interaction matrix elements and calculated the

third-order elastic constants. The values |5 1 are in satisfactory agreement with the

available experimental data 1 0 ] , since the latter refer to the first-sound region

where vertex corrections become important~l l 1 . 1

10. 0,11 CIRECTION 10 1.0.1) DIRECTION
a) LA-4TAI+TAI

LA-4LA+TA2 4/io b)LATAI+TA2

4 10 9 c)IAkTA2+TA2
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Fig. 3: Transition rate of LA phonons Fig. 4: Transition rate of LA phonns
In Ca 2 for decay LA-*LA+TA. in CaF2 for decay LA-,"IA+TA.
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Table I - Lifetime (10- 10sec) of LA phonons with hv>>%T in CaF2.

V (T z) (0,0,1) (0,1,1) (1,1,1)

2.5 33.9 11.9 6.41
3.5 6.33 2.18 1.19
4.5 1.80 0.610 0.341
5.5 0.662 0.220 0.125

The calculated total LA phonon lifetimes in the three principal directions is

reported in Table I. As expected, the lifetime depends upon the direction, but

only within a factor of 5. The v 5 -dependence is well satisfied. Nevertheless, as

shown in Figs. 3 and 4, the single decay modes show deviations from the

v 5 -dependence but they cancel out in the total lifetime. The strong deviation of

the process LA LA+TAI, where TAI is the lowest transverse acoustic branch, can be

attributed only to the interaction matrix elements, because the differences

between the two TA branches are minimal [81 . Besides, in the (0,0,1) direction the

transition rate for LA+TA+TA is one order of magnitude greater than that for
[31LA-A+TA, to the contrary of Orbach and Vredevoe's assumption . The ratio

between the two decay modes becomes smaller in the other two principal directions.

In conclusion, a realistic calculation of the lifetime of LA phonons in CaP 2

with hv>>T and 2.5 THz <v<5.5 THz confirms the v5 -dependence and suggests that a

more careful interpretation of the raw experimental data is needed.
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PHONON DAMPING IN CRYSTALLINE AND AMORPHOUS SOLIDS AT HYPERSONIC

FREQUENCIES

R. Vacher and J. Pelous

Laboratoire de Spectrom4trie Rayleigh Brillouin (ERA 460), Universitd des
Sciences et Techniques du Languedoc, Place E. Bataillon, 34060 Montpellier
Cedex, France

Abstract.- We present new Brillouin scattering measurements, for temperature
ranging from I K to room temperature in a broad range of insulating solids
(crystalline and amorphous solids). We analyse the temperature dependence of
the attenuation of longitudinal phonons (frequency higher than 15 GHz) on
the basis of the physical processes responsible for the phonon damping.

Measurements of acoustic attenuation in solids for frequencies higher than

10 Giz are scarce, because the large attenuation at these frequencies makes the ul-

trasonic experiments difficult, excepted at low temperatures. Brillouin scattering,

* which is the appropriate tool for such measurements, has been used in a broad range

of insulating solids for temperatures ranging from 1 K to 300 K. We have studied io-

nic and molecular crystals, inorganic glasses and amorphous polymers. Our purpose is

to bring out the laws for the temperature variation of the damping, to compare them

with those observed at lower frequencies, and to analyse these results on the basis

of the theoretical models describing the physical processes responsible for the at-
tenuation.

(i) Ionic crystals. In such materials, the acoustic damping a is known to originate

from anharmonic phonon-phonon interaction. Sodium Chloride is used here as an exam-

ple. In this crystal, previous ultrasonic measurements' have demonstrated the exis-

tence of two well-defined limiting regimes. At low temperatures (below 20 K) the

condition wT >> 1 was fulfilled (w is the frequency of the acoustic wave and T the
lifetime of thermal phonons). The experiment gave a n. T' in agreement with the theo-

ry in the Landau-Rumer regime. 2 At higher temperatures, the Akhieser regime (wT<<1)

wis reached : the ultrasonic attenuation a was then found proportional to To which

also agrees with theory. In contrast, Brillouin experiments around 30 Giz indicates

ta Tn , with n - 2.5 below 60 K. At higher temperatures, the To law is not observed.

A satisfying explanation of this surprising behaviour can be found extending the

current theories of the attenuation due to phomon-phnon interactions, to the unu-

sual tesperatre-frquency regime reached in our experiments. 3

(iW) Aeeular Vat4z . Our experiments in succinanitrile4 and a-sulfur s have de-

mantrated that a dispersion and attemation of elastic waves can be observed by

Brillouin scattering in molecular crystals. Such experiments at hypersonic frequen-

cies show that relaxation processes with characteristic times of the order of 10- 11 s.

-- ., . .___,____.,.,
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are present in these crystals, in addition to anharmonic phonon-phonon processes.

For more details on the molecular relaxation observed in a-sulfur, the reader is re-

ferred to the paper presented separately at the same Conference. 6

(iii) Inorganic glasses. Above 1 K, two striking features are observed in most of the

inorganic glasses. For teiveratures around 1 K, the ultrasonic attenuation is pro-

portional to T3 (frequencies lower than 1 Giz). In this temperature range the domi-

nant process is the relaxational absorption via phonon-assisted tunnelling. At hi-

gher temperatures, a - more or less pronounced - absorption peak is often observed,

which is assigned to thermlly activated relaxation processes. Such a behaviour has

been observed in glasses of very different chemical composition as, for instance,

vitreous Si02 and LaSF7, a metallic oxyde glass, for frequencies of about 100 Ptiz. 7

Our Brillouin scattering experiments in LaSF7, plotted in Fig. 1, exhibit a complete-

ly different behaviour (the frequency is about 40 Giz) :a is found nearly propor-

tional to T in the whole temperature range studied.

3000 LoSF 7

E
a a

! ££
h i a

2000 -

IL &
. &

z1a
I 

I01

' Fig. 1 Hypersonic attenuation of

,, .06 longitudinal waves (42 Gz) in
> 0,, metallic oxyde glass LaSF,.

0 10o 200 300
TEMPERATURE (K)

In vitreous SiOC, we have already sho 8 that the relaxation process which

accounts for all of the ultrasonic attenuation can only explain one part of the hy-

personic values. Pho o-phonon interactions have been suggested to explain this ex-

cess. A similar explanation can be proposed for LaSF, results.

(iv) Amorphous polyne. At ultrasonic frequencies, the peak due to therimlly acti-

vated relaxations is also observed in polymerS. However, at 1w temeratures, a ap-

pears here proportional to uT. Our results in polystyrene (Fig.2 - the frequency is
about 18 Giz) exhibit a T-dependsnce in a large tewerature range, and agree appro-

ximtely with an w-law where coqpared to the ultrasonic values below 10 K. The best

candidee for explaining a WT law is a distribution of thermally activated relaxa-

tion yrocesses, with a nearly constant density of activation energies.'
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However, as for inorganic glasses, the hypersonic results cannot be described
as a whole on the basis of the ultrasonic values of the relaxation parameters.

The above results show that, for all of the insulating solids studied, the
temperature dependence of acoustic damping is very different for ultrasonic and hy-
personic frequencies. In awrphous materials, the thermally activated relaxations
appear to be insufficient for explaining the hypersonic results above 20 K. Phonon-

phonon interactions seen to contribute appreciable to the acoustic daping.
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HARMONIC AND ANHARMONIC PROPERTIES OF SILICON

K.H. Wanser and R.F. Wallis

Department of Physics, University of California, Irvine, California 92717,
U.S.A.

Abstract.- Silicon has interesting harmonic and anharmonic
properties such as the low-lying transverse acoustic modes at the
I and L points of the Brillouin zone, negative Gruneisen para-
meters, negative thermal expansion and anomalous acoustic
attenuation. In an attempt to understand these properties, we
have developed a lattice dynamical model for silicon employing
long-range, non-local, dipole-dipole interactions. Several
interesting features of this interaction are found and dis-
cussed. We present analytic expressions for the Gruneisen
parameters that explain how the negative Gruneisen parameters
arise. Application of this model to the calculation of the
thermal expansion of silicon is made.

It is well known that comparatively long range interactions are

necessary to explain the elastic constants as well as the low-lying

TA[l00] and (1111 modes in silicon. Several models have been

developed to explain this behavior. Attempts 1,2 to compute

anharmonic properties have utilized first neighbor anharmonicity or

first and second neighbor anharmonicity, one of the authors
2

concluding that this was sufficient to explain the mode Gruneisen

parameters and thermal expansion coefficient. That this is not the

case can be seen from the fact that the Gruneisen parameters for these

models are in major disagreement with experiment for several mode@.

The model we use employs first thru fourth neighbor central

potentials, nearest neighbor angle bending and displacement induced

non-local dipoles. An interesting feature of the non-local dipole

interaction is that it does not affect the elastic constants or the

Raman frequency. This is in contrast to the local quadrupole& used by

Lax.
3

A ten independent parameter preliminary fit of our model to the

experimental data is shown in Fig. 1. The major feature of this

dipole model is the dramatic lowering of the TA modes at the I point.

Proceeding to the anharmonic properties, we note that silicon has

negative thermal expansion and thus negative Gruneisen parameters for

sons modes. The volume thermal expansion coefficient is given to
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lowest order in the anharuonicity by

- I y(Cj)c (w(tj)) (1)

Here 3 is the bulk modulus, Vo the volume of the bare crystal, u(Cj)

the bare harmonic frequency, C (u) is the Einstein specific heat

function and y(ij) the mode Gruneisen parameter.

0.0 .Q. .. . . . . .

.0 Fig. I. Preliminary fit of

dipole model to

oro .-.-- .... , experimental data for
silicon.

To illustrate the origin of the negative mode gammas, consider

the analytic expressions we have found at the X point.

-1 21'(ro)
YTAX -2 21(ro) + 2r 2  (r 2 )+62(r 2 )

MTAX
602 (r2 ) 32 34 .

r 33(r3) + IT 0 (r3)

34#; (r 3 ) + (1)
" 11 r 3  +

- "6v (16 .281 4 3 )(p, - p()(p. -p)) (2a)
- P2)"Pro2 j%E3

YTOX 4 0 # (r r 2 *;(r O ) - 2#;( 0.) + 2r 2 $ (r 2 )T 3M*T~ 2o r # 2
T O X( 6 ;( r 2 ) 1 2

+ 6#;(r 21 r T" r 3 #; (r 3 )r2

54 54(r 3 ) 2
+T *3 (r 3 ) 11 r_ +"

1 3

+ ( (10.76338)(p 1  P2 )(p 1 ) + p) (2b)
(a

In Eqs. (2) a is the conventional cube edge, E the static dielectric

constant, p, and p2 are harmonic dipole parameters, P(1) and P(1) are
(1) p1  p2

anharmonic dipole parameters, a is an anharmonic angle-bending

parameter and #1 Cro), ((ro), # 1(r.) are the derivatives of the

0 0 . . -i- ~

i.: AC!
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first neighbor potential function etc. The fourth neighbor interaction

does not contribute at the X point. The interesting feature of Eqs.

(2) is that the nearest neighbor third derivative is not present in

Eq. (2a) but is in Eq. (2b). This is the explanation for why the TAX

mode has a negative node gamma and the TOX mode does not. It is due

to the fact that the diamond structure has a nearest neighbor central

force instability. In fact, it is just those modes that have the

instability that exhibit the negative mode gamma. This point has not

been recognized in the literature previously. We emphasize again that

since *j(ro ) is of opposite sign to *1 (re), the cancellation of

# (ro ) in certain modes makes the mode gamma extremely likely to be

negative.

A preliminary calculation of the thermal expansion is shown in

Fig. 2. In this calculation the four third order potential

.00

soo

500-

~4OO
too as

• , Fig. 2. Volume thermal

MMC MIT 0.4 expansion coefficient of

0 silicon. Solid line is
.-* .e 55 present calculation, ,

circles are experimental

o so *0 110 M me nos
TIK) data.

derivatives were fit to the experimental mode gammas at X, L and the

elastic region. The dipole and angle-bending nharmonic parameters

were fixed by theoretical considerations.
4
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PHONON-PHONON INTERACTIONS IN MOLECULAR CRYSTALS STUDIED BY ULTRASONIC

METHODS

B. Perrin and F. Michard

Liparetent de Recherohes Physiques, Tour 22, Univrait- P. et N. Curie,
75230 Paris Coe.x 05, France

Abstract. - Internal vibrations of molecules are slightly affected
by lattice effects in molecular crystals so that there are oriy
weak interactions between internal and external phonons which
give slow relaxation times in the phonon collision operator. Thus
an ultrasonic rel xation may be expected in molecular crystals.
In this work it is shown that this moZeouZar reZaxation may be
taken into account in the framework of Akhieser's theory and a
relation between sound absorption and relaxation time is given.
Results obtained through acousto-optic interaction on ionic-mole-
cular crystals are also mentioned.

1. Introduction.- Internal vibrations of molecules are quite unaffec-

ted by lattice effects in molecular crystals so that there are only

weak interactions between internal and external modes of vibrations of

the molecules in these crystals. This weakness entails the existence

of slow relaxation processes during the thermalization of the wholeI
set of phonons after any perturbation of the thermal equilibrium. The

times involved in these processes lying in the ultrasonic frequency
range, an ultrasonic relaxation may be expected in molecular crystals.
This *molecular relaxation', due to a slow transfer of energy between

the internal and external degrees of freedom of molecules, has been
extensively studied in molecular gases and liquids and Liebermann

I

was the first to suggest the extension of this phenomenon to the solid
state. Since his pioneering work, some experimental studies led on

organic molecular compounds have clearly shown the existence of a
relaxation process which underliesa special ultrasonic behavior of mo-
lecular crystals among dielectric ones. We present in this work recent
theoretical and experimental developments concerning this field.

2. Theoretical gspect. - The present status of the theory in this field
is unsatisfying in several points. For example, Richards2'relation
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given by Cv CI 2

2s C Cv C  1 +a 2 1)

is used to relate the sound absorption o and the relaxation time T;
here 0 and s are respectively the angular frequency and the velocity
of the sound beam, C and Cv are the specific heats at constant pressu-
re and constant volume and CI is the specific heat associated with the
internal degrees of freedom of molecules. This expression has been
derived considering specific properties of gas and liquid phases and
its use in the solid state seems questionable. Moreover no mention has
never been made of the fact that, although molecular crystals belong
to the family of dielectric crystals, the molecular relaxation does
not seem predicted by the classical theories of ultrasonic attenuation
in dielectric crystals. The answer to these two points may be found by
considering a solid state point of view (in contrast to Liebermann's
approach). The molecular relaxation times being greater than the mean

lifetime of thermal phonons, this phenomenon occurs in a hydrodynamical
regime of ultrasonic propagation and may be studied with the Boltzmann

equation approach. The phonon collision operator involved in this

approach is usually simplified by the collision time approximation
which means that all the phonons have the same status during the ther-
malization and which leads to the classical expression of the Akhieser
loss3 . This assumption obviously fails in molecular crystals for which

we have to consider two phonon systems (external and internal phonons)

which have only weak interactions between them. One of the author 4 has
recently proposed a model describing the behavior of phonon-phonon
interactions in molecular crystals and has shown that the ultrasonic
absorption L may be written a -LA +%R where A is close to the ex-
pression of the Akhieser loss and (R is a relaxation term given by

CI (CijKt Okt eiKl) 2 2

2. _I V(2)" Cv-CI C 1+gt

Here Cijkt are 'the elastic constants, 1kX the thermal expan-
sion tensor, e i and Kj components of the polarization e and norma-

lized wave vector K of the sound beam, T the temperature and P the

density. For isotropic and cubic symmetries this expression may be
reduced to

C C -C C /C1 1 +2C 12\ *.(3

p i er 3s + t

which differs from Richards' expression by the existence of the



C6-133

strucureacto (-11+ C2
structure factor resulting from the accounting for the

properties of the solid state. Moreover for symmetries lower Qhan cbic

in the expression of aR " Thus the Boltzmann equation approach, on
the one hand, makes it possible to consider the molecular relaxation
as a particular aspect of the Akhieser absorption mechanism and, on
the other hand, proves that the use in the solid state of Richards'ex-
pression is indeed questionable; moreover it gives an expression of a
which takes into account the specific elastic properties of the solid

state.

3. Experimental aspect.- Most of the ultrasonic studies on molecular
compounds which have been reported up to now have been led with the

classical pulse echo method. In fact, this method does not seem adapted
to this problem because a careful analysis of the frequency dependence

of the absorption needs to use high frequencies (> 100 MHz) and more-
over the attenuation is expected to be very large. On the other hand
the light diffraction by elastic waves seems a suitable tool for this
study whether ultrasonic waves are used (Bragg diffraction) or thermal

waves (Brillouin scattering). The interest of light diffraction by
elastic waves has been emphasized by an ultrasonic study5 -6 on the
isomorphous cubic crystals Sr(N03)2 , Ba(NO3)2 and Pb(NO 3)2 (which may

be termed ionic-molecular crystals) for which the ultrasonic absorp-
tion has been measured for a large range of frequency and temperature.
In these compounds, a relaxation process has been identified which can
be viewed as a molecular relaxation; thus this study seems to be the
first experimental evidence of the molecular relaxation in ionic-

molecular compounds and proves that this phenomenon is closely connec-
ted with the "molecular character" of a crystal. An other consequence
of this study is that the analysis of experimental results has shown
that relation (3) offers a better fit than Richards'expression for

ultrasonic measurements in molecular compounds.
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TEMPERATURE DEPENDENCE OF PHONON-PHONON INTERACTION IN SILICON

M.A. Breaseale and J. Philip

Depawtent of Phyeies, Vie Universeity of Tennessee, XhoxviZe, TN 87916,
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Abstract.- The generation of a second harmonic of an initially sinusoidal
ultrasogic wave can be considered as collinear interaction between two identi-
cal phonons to produce the sum frequency phonon. This phenomenon has been
studied in considerable detail, and the studies have led to a technique for
measuring harmonic amplitudes and calculating anharmonic coupling coefficients
in terms of second- and third-order elastic constants. Measurements have been
made on silicon, and have resulted for the first time in a complete set of
third-order elastic constants at temperatures between 3°K and 300*K. Results
are presented for silicon between 3°K and 300K and a comparison is made
between TOE constants calculated by using our data in the Keating theory and
TOE constants evaluated by combining our data and those of Beattie and
Schi rber.

Introduction.- Nonlinear interaction of two phonons of freauency wI and w2 produces

both sum and difference frequency phonons. This interaction can be described in

terms of an interaction Hamiltonian which contains coupling parameters that can be

expressed in terms of higher-order elastic constants. Specialization to collinear

propagation of phonons of the same frequency leads to a sum frequency which is the

second harmonic. V.oing to the continuum limit leads to a set of equations which con-

tain nonlinear coefficients which can be measured at ultrasonic frequencies. We have

measured the nonlinearity parameters of silicon and have interpreted our results in

terms of the Keating lattice dynamical model to obtain all six third-order elastic

constants as a function of temperature between 3*K and 3000K. In addition, we have

combined our data with that of Beattie and Schirber to obtain the TOE constants at

300°K, 770K, and 40K.

Method.- The experimental setuo and the procedure to measure the absolute amplitudes

of the fundamental and generated second harmonic of an initially sinusoidal ultrasonic

wave propagating through a nonlinear medium has been described in earlier publica-

tions.i 2 , 3 In the special directions along which pure mode longitudinal wave propa-

gation is possible, the nonlinear wave equation for a cubic crystal reduces to the

form
4

0 D + ( + K3) a (1)

where K2 and K 3 are linear combinations of second- and third-order elastic constants

resectively given by

.m - | - - 1
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K2[100] = Cl ; K21110] = (C11 + C12  2C44 )
1 (2)

K21111 = I (Cl1 + 2C12 + 4C44)

and

K3 1100) = Cll 1  ; K3[110] = 1 (Clll + 3Cll 2 + 12C16)
1 (3)

K3 (Cll1 + 6Cll 2 + 12C144 + 24C 166 + 2C123 + 16C 456)

Considering an initially sinusoidal disturbance at a=O, the solution to Ea. (1) is of

the form
A1

2k2 a

u Alsin(ka-wt) - T (3K2K 3)cos 2(ka-wt) + ... (4)

in which a is the propagation distance and k is the propagation constant. Measuring

thp amplitude of the fundamental wave and the amplitude of the second harmonic allows

one to calculate the K 3 parameters along the pure mode directions. Measurements have

been made for silicon as a function of temperature between 3 and 3000K by measuring

the absolute A1 and A2 values using a variable gap capacitive detector. The K2
parameters have been determined by measuring the longitudinal wave velocities along

the symmetry directions.

Keating's5 theory of the TOE constants of diamond-like solids is basically

equivalent to the Born-Huang approach of imposing the invariance requirements on the

anharmonic strain energy of the crystal. Keating has derived the expressions for the

six TOE constants in terms of three anharonic first and second neighbor force con-

stants y, 6 and c and two harmonic force constants a and B:
C111 -- y - 6+ 9

where

C112  = y - 6 + 2

C12 3  1 + 38 -

C 144  y(1-) 2 + 6(+)2 + c(l+c)(3E-1) + C12E
2

C16 - (1-{ )2 - 6(+)2 + e(l+t)(3-E) + C12 2

C4 56 " (1-C) 3

Combining the set of equations (3) and (5), we can write the three anharmonic

force constants E, 6 and y in terms of the K3 parameters. Evaluation of c, 6 and y

as a function of temperature from the temperature dependent K3 parameters leads to

the determination of all the TOE constants as a function of temperature.

Results and Discussion.- The TOE constants of silicon plotted as a function of

temperature are reproduced in Figs. 1(a) and 2(a). We have plotted both the calcu-

lated data points as well as the best fit curve through them to show the effect of

error propS~atim. battie and Schirber have measured the pressure derivatives of

the SOE constants of silicon at 4, 77 and 3000K. Combining their results with our

K3 values, we have isolated all the six TOE constants at these specific temperatures.
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(b) Our data plus Beattie and Schirber
(a) Our data plus Keating theory data

Fig. 1. The TOE constants CIII, C112, and C166 of silicon plotted as a function of
temperature.
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0.
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-0

-12-80. C144
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(b) Our data plus Beattie and Schirber
(a) Our data plus Keating theory data

Fig. 2. The TOE constants C123, C144 , and C456 of silicon plotted as a function of
temperature.

The calculated points and the curves joining them are given in Figs. 1(b) and 2(b).

A comparison between 1(a) and 1(b) and between 2(a) and 2(b) shows the extent to

which the Keating model and experimental results agree for silicon. The fact that we

can measure three quantities and that the Keating model involves only three anhar-

monic force constants has made this approach possible. The GrUneisen parameters of

silicon evaluated as a function of temperature using our TOE constant data are in

better agreement with experimental curves than those reported by earlier workers who

treated TOE constants as temperature independent.
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NON-LINEAR DYNAMICAL EXCITATIONS IN SOLIDS

A.A. Maradudin*, A.J. Martin, H. Bilz and R.F. Wallis*

MA=-Pank-1nstitut fibr Feetk2rprforechung, Heieenbergetrasse 1, 7000 Stuttgart
80, F.R.G.

Abstract.- Vibrational excitations can exist in non-linear sy-
stems which have no counterpart in the corresponding linear sy-
stems. In this paper we investigate such excitations in systems
where the non-linearity is of an on-site character. In particu-
lar, we analyze the existence conditions for localized (and de-
localized) excitations, and their interaction with external fields.

In this paper we discuss the properties of non-linear periodic

lattice waves in models of perfect and imperfect crystals. Our model

Hamiltonians contain a fourth-order on-site electron-ion potential+

reminiscent of 04-models. This approach is motivated by the success

of the self-consistent phonon approximation (SPA) for the investigat-

ions of ferroelectric-type phase transitions in terms of such models

(refer to Bussmann et al., this Conference).

2. General Solution to the Dynamical Monomer Problem

The monomer (Fig. 1) consists of one anion and one cation. If the cen-

ter of mass motion is factored out, the sy-
stem is described by two coupled variables,

which may be chosen as the displacement, u,

of the cation relative to the anion core and

the displacement, w, of the anion shell rela-
tive to its core. The oscillation frequency

2 of the monomer is displayed in Fig. 2 as a

function of w where w is the maximum die-

placement from the origin. The range w2>wcrit

Fig. 1 The 1 unit.g belongs to anharmonic oscillations which tra-
is thefourth ordw om1Im verse the origin w-o (the solution at w2-O.4
om"W3t.2 2

is the only harmonic one). The range wo <crit
describes oscillations which are localized in one or another of two

equivalent potential wells. The minimum squared displacement from the

origin increases from zero to the left of i2 until it coincidesWcrit

with w2 at -92/94 (notice that the frequency does not go to zero at

this point).

*Permanent address : Department of Physics, University of California,
Irvine, CA 92717, U.S.A.
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3. A Nonlinearly Polarizable Impurity in

a Linear Chain
IA We now turn to the consideration

of a problem in which a nonlinearly po-

U larizable atom is present as a substi-

tutional impurity in a monatomic linear

chain (Fig. 3). We seek a solution for

the displacement field in the chain that

decays exponentially with increasing di-
* a a a *a 0 stance from the impurity site, i.e. a

localized mode.

Fig. 2Frequn vs. squared ms- We can obtain an exact solution to

ximn amplitude. /0-0.2, g2/g4  the equations of motion of the chain

-0.2, w is in units of (2/3) x with the Ansatz

Woe is the reduced wo= A coswt (3.2a)

mass, ad a f3944 > , O'f+g2, f >o. Uo= B(1)cost+B (3)cos3t (3.2b)

Un= (-l)n[c ( 1)e-nX coswt+C (3) e-np cos3wtj
n>l, (3.2c)

where wO is the relative shell-core dis-

placement of the impurity atom, and un
is the displacementment of the nth core,

when we assume in addition that u-n=un.

In Eq. (3.2c) the quantities A and V
are the real quantities given by A

.2 2 =2coh-1 (/ w), P2cosh- l 3
d/aL), where

WL=(4Y/M) is the maximum normal mode

frequency of the unperturbed chain. The

Fig. 3 A nomlnearly polarizable frequency of the localized mode must

1writy in a matoIic linear therefore be larger than wL, for the so-

cai. lution (3.2) to exist. The equation de-
termining w is

- ~ 2 Nw- - 0+
9M'w 2 9 a-Y(1+e 1. (3.3)

2f 9M _Yb(l+0

With w determined from this equation the amplitude A is found from

the relation
A 2 492 2f/9 2  >0 34

4-1 + -> o, (4)
(2f/M'w )-X

79 -
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where X [MW 2f-Y(1+e- )jJ/ [Mw2
vY (1+e A ) .

It should be pointed out that for g2<o, Eqs. (3.3)-(3.4) have a

solution even if M'-M and f-y provided that 921/Y> 2.8. in this case

the localized mode has no counterpart in the harmonic approximation.

4. Response to External Electric Fields

If the periodon solutions to the nonlinear equation of motion of

a crystal containing atoms or ions possessing nonlinear polarizabilities

are to be observed experimentally, it is likely to be through features

they contribute to the functions characterizing the response of such
crystals to external probes. We have therefore begun a study of the pe-

riodon-type solutions of the equations of motion of a monatomic linear

crystal of this type (Fig. 4), in the presence of an external spatially
and temporally varying electric field.

We consider an electric field given by En (t)-E 0cS (r-wt). In

this case the equations of motion of the crystal have the exact so-

lution

w n(t) - A cos(nf-wt) (4.1)

u n (t) - B11)co (*-wt) +B (3 )cos3(n-wt)

(4.2)

provided that the frequency and wave vector
1 . r V r 23

are related through , 4(f+f')/9M sin

M is M . We then have that the amplitude A is obtained
in terms of the electric field amplitude Eo
from the equation

F. A maatbmic nonlinear

4f A sin 2 " 2 4(f+f'l)sin2 2 (4.3)

Eo-g2 AT g4  Mw2-4f'sin2  *
while

B Eo-g2 A - 4 A3  g4 A
3

(1 (3)231) M _2 -4f'sin 2  ) 16f sin

where z ia the charge on each core and -Z is the charqe on each shell.

Generalizations of this solution can be obtained by adding higher odd
harmonics to the right hand sides Of Nqs. (4.1; -However, in that case

a solution in finite terms, like that given by Zqs. (4.1)'(4.3)# is no

longer possible.
+ refer to BUttner and Bilz, (this Conference)
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TEMPERATURE DEPENDENCE OF MULTIPHONON ABSORPTION IN HIGHLY TRANSPARENT

CUBIC ZIRCONIA

B. Bendow(1), H.G. Lipson, R.N. Brown, R.C. Marshall, D. Billard* and S.S.
Mitra(a)

Solid State Sciences Division, Rome Air Development Center, Hanscom AFB, MA
01731, U.S.A.

*Centre de Recherche our la Physiq e des fl.tes Tenpgraturee, C.N.R.S., 45046
Orane Cedex, Fznce

**Dept. of Electrioal Engineering, University of Rhode IsZkld, Kingston, RI 02881,
U.S.A.

Abstract - We investigate multiphonon absorption in the three to five
phonon regime of yttrla-stabilized cubic zirconia, over an extended
range of temperatures. The absorption vs. frequency curves at fixed
temperature are found to display a nearly exponential decrease typical
of multiphonon absorption in other ionic crystals. A theoretical model
for multiphonon absorption is utilized to fit the data over the full
range of frequency and temperature Investigated, and good agreement is
obtained between theory and experiment. A strong suppression of the
temperature variation of absorption is observed at high frequency, which
we attribute to the temperature dependence of the phonon spectrum itself.

1. Introduction - Cubic zirconla is an optical material of considerable ir.A -

est because of its unique properties: namely, it is very hard, has a very ,

melting temperature, resists chemical attack and is an excellent insulator. It

is readily doped with various rare-earth and transition-metal ions to provide a i
wide range of potential laser-host materials. The crystals utilized for this

study were produced at RADC employing a relattveiv new process called *skull

meltingm, in which the melt is contained within a solid *skull" of identical

composition1 . This procedure minimizes difficulties with reaction and

contamination encountered in conventional crucible-type growth. Hoating is

accomplished by coupling RF energy to zirconium metal placed into the charge.

Crystals are finally obtained by preferential freezing of the melt when the

crucible is slowly lowered through the coil. The yttrla-stabilied crystals

obtained in this way possess hardness - 1370 Knoop, density - 5.9 gm/cm 3 ,

thermal conductivity - .018 W/cm/1C and visible refractive index - 2.15-2.18.

The yttria concentration typically varies from around twelve to twenty-five

weight percent; the saple utilized for tne present study contained twenty

weight percent yttria.

2. Experimental - The absorption coefficiet (a) in the vicinity of the IR

edge was deduced from transmission data, obtained with a Fourier spectrophotometer

which was appropriately modified for both low temperature2 and high temperature3

(1)Preset address: The SON Corp, 1801 Randolph Rd, S.E., Albuquerque, NN 87106.
(2) Research supported by Raw Air Dev.Center(AFSC) under contract no.F19628-77-C-0109.
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measurements. Results for a vs frequency at several temperatures between 80

and 1320K are displayed in Fig. 1. Note that the absorption vs. frequency curves

at fixed temperature display a nearly exponential decrease typical of multiphonon

absorption in other ionic crystals 4 . Moreover, the spectra reveal only weak

10

aoo
g 1045

400

.1 I*I . -1 _ I .14 Is 16 to 22 24 2
c.(12 -

Fig. 1. IR edge absorption coefficient a of cubic zironla vs

frequency w at several temperatures (OK).

structural features, which progressively disappear with increasing temperature.

3. Discussion - For ionic materials, one may model the temperature dependence

of the IR edge absorption as
4

W/Wo

(n(wo) +1)
= ft ) exp(-Awlwo.)S n{W) + I

where n is the Bose-Einstein function and wo is a temperature dependent average opti-

cal phonon frequency. For the present purposes we only account for linear varia-

tions of wo vs T, i.e., we take wo = woo(1 - IT). Variation of parameters to

obtain a best fit to the data over the full range of available temperatures and fre-

quencies leads to the results indicated in Fig. 2, corresponding to the choices

Mo =1.38x10
5, woo 550 cm"1, A=3.85, y - 2.Ox10"5/*K

The good agreement obtained between theory and experiment corroborates the

interpretation of the observed spectra as multiphonon absorption. The derived

average frequency woo - 550cm 1 is consistent with fundamental IR and Raman

data, and implies that the present absorption measurements span the three to

five phonon regime.

A noteworthy feature of the above results is the relatively strong suppression

of the T-depedence of absorption at high temperatures. This effect, which is

well known from previous measurements on alkali-halides, is attributable to the

strong T-dependence of the fundamental phonon spectrum Itself in ionic crystals.

Further confidence in this interpretation is provided by the close proximity of
the value deduced here for y, to those implied by Rammn scattering studies5

of the T-depeodence of phonons In monoclinic ZrO2.

= ,L II - : I I W
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ANHARMONIC CONTRIBUTIONS TO THE THERMAL DIFFUSE X-RAY SCATTERING

INTENSITY FROM SINGLE CRYSTALLINE SODIUM

G. Fritsch*, W. Dietz, R. Hiring and E. Lscher

Physik-Departm'ent, Techmische Univez'aitet MLnchen, D-8046 Garohing, F. R.G.

*ZwE Ph psik, Bocheohuze der Bundetemhr Minchen, D-8014 NeubibezV, F.R.G.

Abstract.- We report on measurements of the thermal diffuse X-ray scatterino
Fro 9single crystalline Na.Data were taken with the momentum transfer being

aligned along the (100), (110) and (111) directions as a function of tempera-

ture. They are discussed in terms of one, two and higher multi-phonon contri-

butions. In addition, a part asymmetric with respect to a reciprocal lattice

vector is determined and analyzed.

1. Introduction.- The X-ray intensity scattered diffusely from a metal single cry-

stal Is the sum of one, two and higher order phonon processes.
1) At temperatures

T > BD interference terms caused by anharmonic interactions will also contribute.

This picture may be complicated if deformtfons of the ion cores2) or elastic defect

scattering3 ) exists. In this communication we would like to discuss our results 
on

Na and compare them with other work in this field
4-6).

2. Data Analysis.- The experimental set-up used was a modified version of the one

described elsewhere. 6 ) After subtracting from the measured cross section (do/dA)eff

the calculated one-phonon part6), the multi-phonon contribution higher than of order

two4 ) (da/d.)Mp and the Compton cross section, we arrive at (do/dA)d. The latter is

interpreted as a sum of the two-phonon and an asymmetric interference contribution.

[(do/dA)Mp-f 2 exp(-2W)[exp(2W)-1-2W2W
2j, where exp(-2W) is the Debye-Waller fac-

tor 4) and f2 the ionic scattering factor.]

In the main crystallographic directions the two phonon term can be written

as )

(do/d4)2 =' 4 exp[-2W(W)] A(O/q) • f2 (k)

where A(;/q) is symmetric with respect to the reciprocal lattice vector

4. - In - N + q). Furthermore, we .assume that only the lowest order interference

term1) contributes: "

(~dc"• j 3 ap [-wE1)) - B(4/q) * f 2 69)(€~Aanh 1,2

with B(/q) esymetric with respect to 01B. There is an additonal ymtric term

(dq/dA):wh 1,2 chas the same- and T-dependenc 1) as does (d,d4 2 .

Using data above and below1% the quantities (do/dO) 2 + (do/dA)nh 1,2 as well as

(do/dl):nh 1,2 my be determined. The results are given in Figs I and 2.
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3. Discussion.- The asymmetric part in the (110)-direction (Fig. la) agrees with the

one determined earlier.6) In this paper we showed that the T-dependence is the one

to be expected for anharmonic interference effects between the one and two phonon
process. However, the symmetric part is systematically higher than the two phonon
part calculated directly (Fig. 2a). Close to the reciprocal lattice vectora the

discrepancy is probably due to the approximations used in evaluating the higher or-

der many phonon processes. In between the two a values the quantity (do/d)snhah1,2
might contribute.

For the (100) direction, the results for the asymmetric term (Fig. 1b) are

rather puzzling, since they apparently do not show a zero at 4Bril. This fact may

point towards a wrongat-dependence of the higher order many phonon contributions

(orientational dependence). The symmetric part (Fig. 2b) is close to the (110) re-
sult. calculations of the two phonon term is in progress.

The asymmetric results (Fig. Ic) in the (111)-direction are similar to the

ones in the (110)-case. However, the magnitude is much larger, increasing with

temperature. The comments for the symmetric part (Fig. 2c) are the same as in the

(100)-case.

In view of the temperature dependence of the asymmetric part and its w-depen-
dence, we conclude that these are anharmonic contributions and deformation scatter-
ing is not present. Trinkhaus 3 ) has shown that these defects in thermal equilibrium

-2
give a symmetric part - q- and an asymmetric part Nq . An estimation using a
relative activation volume tv/v = -0.6 for the vacancy yields 0.16 and -0.14

respectively in the most favourable case. These values are relative to (da/dfi1.
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LATTICE PHONON LIFETIME CALCULATIONS

J.H. Henkel

Department of Physics and Astronomy, University of Georgia, Athens, Geori
30602, U.S.A.

Abstract.-It is shown that phonon lifetimes can be calculated
using finite periodicities and discrete frequencies without
going completely to the limit of infinite periodicities or quasi-
continuous frequency distributions. In applying the Golden Rule
equation in time-dependent perturbation theory there is a time
interval over which the transition rate is very nearly indepen-
dent of time and energy level differences (or periodicity). As
the periodicity of the lattice increases the time interval over
which the transition rate is independent of time increases and
approaches infinity in the limit of infinite periodicity.
Calculations are presented.

The Golden Rule of time-dependent perturbation theory relating transi-

tion rates fro* an initial unperturbed energy eigenstate E (0 ) to one
n

of the other energy eigenstates Z(0 ) induced by the perturbing Hamil-
21tonian N' with matrix elements H; is given by1

w = mIi(t)Il2  2 XII l-cos(wmt)
m IN _

where

(0) (0)
M a n (2)

and where the prime on the sum means that the term for m -n is ex-

cluded from the sum. The Golden Rule can also be written as
d ' 2 2 ' i n Cw __t )

w, l.(t~ I 1IJ8(3)
M A mam

For quasi-continuous energy distributions the Golder Rule takes the

form

- I HmI P(Ef 0 ) , (4)

where p is the density of states expressed as a function of (0) and

where the right hand side is independent of tim t.

To see how phonon lifetimes can be calculated using the Golden Rule

equation without first taking the limit of quasi-continuous energy

- - -"'

r ' iy
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level distributions consider the functions F1 (a,t,L) and F 2 (a,t,L)

given by

2 _L sin2(ci-n)tFI(Q,t,L) 2-n s
1Ln=lT- (a - n) (5)

and
2w

12 L 1 - cos- (a - n)t
F2 (citL) t L w 2

n=l n)

In the limit L - these functions are unity independent of time t pro-
vided 0 <c <L but not one of the integers 1, 2,... L. For finite L

the functions are to within about 10% equal to unity independent of a

and t for the interval 1 <t <L and for 0 <a <L with a # 1, 2,... L. A

plot of a typical FI(ci,t,L) versus t is shown in Fig. 1 while Table I

lists calculated values of F1 (a,t,12). The function F1 (a,t,L) is zero
dF1I (a, 0, L)

at t= Owith a slope - t---- - 2, and levels off to approximately

1 at t= 1. It remains unity within small variations up to t= L inde-

pendent of a provided 0 <a <L and a # 1,2,... L.

Two important conclusions result in examining the properties of
F1 (a,t,L). One is that the value of F1 (a,t,L) for l<t<L is approxi-

mately the same as the limiting value of F1 (a,t,-). The other is that

the convergence in L is very rapid. The main result in increasing L

is the increase in time interval over which F1 is constant.

The potential energy expression of a crystal can be expanded in series

form involving the atomic displacements. That part of the potential
including the third degree terms in the displacements can be used as

the perturbing potential utilized in the Golden Rule equation to cal-

culate tine derivatives of phonon occupation densities. When this is

done the derivative takes the followlng form
2

an j:. sinAwt

[n 0 + l)n 0 ,no. - n (no, + 1) (no, + )], (7)

where
AW a W - °O -o (8)

This derivative can be evaluated for different time by direct sum-

mation of finite sum obtained using finite periodic boundary

conditions. The above analis of the properties of rl (a,t,L) indi-

cates that this derivative -t using finite periodicity should be
at

roughly constant over a time interval C <t < t r- where jAw I is a

minimum value of lAWI - a -a," o-wo The analysis also indicates
that the convergence in L should be very rapid and that the constant

i7! I
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value obtained should be within about 10% of the value obtained in

the limit of infinite periodicity.

An advantage of the use of finite periodic boundary conditions with

the resulting finite sums is that the complex phase relations involv-

ing conservation of momentum and energy is automatically included in

the sums.
F1 /

1 L

Fig. 1: Plot of typical value of F1 I(x,t,L) versus t. Independent
of a for 0<a<L, a 34 1,2,...L.

TABLE I. Calculated values of F1 (a,t,12)

1 3.1 3.2 3.3 3.4 4 6.5
.4 .68 .68 .68 .69 .73

.8 .89 .90 .92 .93 1.14

1.2 .91 .92 .93 .94 1.15

1.6 1.03 1.04 1.04 1.05 .98

2.0 1.12 1.12 1.12 1.12 .90

2.4 1.08 1.08 1.07 1.07 .96

2.8 1.06 1.05 1.04 1.03 1.06

6.0 1.02 1.04 1.06 1.07 .95

References:

1. E. Nerzbacher, Quantum NMchanics (John Wiley and Sons, Inc.,

New York, London, 1961), p. 470.

2. P. G. Ilemens, J. AppI. Phys. 38, 4573 (1967).
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ROLE OF THERMAL EXPANSION IN THE PHONON CONDUCTIVITY OF SOLIDS

G.P. Srivastava

Physics Departmwnt, The new University of Ulster, CoZeraine, N. Ireland BT52
1SA, United Kingdom

Abstract. We have studied the role of thermal expansion in the
thermal conductivity of solids. By treating the Grilneisen
constant as a temperature dependent semiadjustable parameter we
find that the high temperature lattice thermal conductivity of
Ge and Si can be explained. The fitted values of the GrUeisen
constants show reasonable agreement with recent experimental and
theoretical results.

The high-temperature lattice thermal conductivity of most insulators

and semiconductors decreases faster then T- 1. Recently we''2 have

4 concluded that consideration of three-phonon processes (both acoustic-
acoustic and acoustic-optical interactions), together with mass-defect

and boundary scattering, cannot explain this behaviour. Inclusion of

four-phonon processes does not improve the situation$. It was
suggested by Ecsedy4 that thermal expansion might be helpful in this
respect. In this paper we study the role of thermal expansion on the

lattice thermal conductivity of Ge and Si.
The effect of thermal expansion is to make the Grtneisen constant

of a material temperature dependent s , 6 . In our earlier work' (here-
after referred to as I) we have derived an expression for the Grfineisen

constant in tezms of the second- and third-order elastic constants of

the material. Because of thermal expansion the elastic constants

become temperature dependent. This would recuire calculating the

Grfneimen constant at various temperatures using experimental data for
elastic cstants prqvidd these were available. In view of the
unavailability of elastic cgtesants at different temperatures in our

range of interest, we treat the Gx4noiseo constant y as a temperature

depeadent smia4justable parameter for the thermal conductivity

calculatod.
The model conductivity expression in the notation of I in
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KM n
8
s2kB r 2_2_T_>+_<q __CTMTN*- _ >(2Km = - i<w 2c2.1 > + (qc1)* >

3Nol . <q2TN *- (I-TmTN*- I) >
q~ 1 -~ -1 -

Here 8 = l/kBT, <f> = Ef It (it +1), and Tm = N +R
qq q mTj+R

with N as the equilibrium distribution function for phonons in mode

q. Also in equation (1) TN* represents the single-mode relaxation

time of a phonon in mode q due to three-phonon N processes, T is an

effective relaxation time due to three phonon U processes, and T R1 is

the relaxation time due to mass defect and boundary scattering.

Expressions for the relaxation times can be obtained using the first-

order time dependent perturbation method. As in Refs 1 and 2 results

for these are derived with the crystal Hamiltonian expressed within an

isotropic continuum approximation

H cq(a a +k) + o qq'q' ,

AA ,Aq ,, + +411'a6-(2)

Here y - y(T) is the temperature dependent anharmonic (Grfineisen)

constant, B is an average phonon speed, A = (a+ +a ) etc. are the
q _qi q

phonon field operators, and other symbols are the same as in I. For

acoustic-optical phonon scattering we make a correction to the model
presented in I: the reduction factor in the cubic anharmonic Hamilton-
ian is included only when dealing with interactions of the type

ac + ac * op.
The physical parameters and boundary lengths used in our calcu-

lations are taken from I. In I a constant y was adjusted to fit the
low temperature lattice thermal conductivity of materials from groups
IV, III-V, II-VI and I-VII. It was noticed that with a constant y
the isotope parameter A had to be adjusted to fit the maimum in the
experimental conductivity curve. In this work we take the experimen-
tel value for A (2.44 x 10-4 secs for the Geballe and HullUM sample

of Ge, and 0.132 x l0 " set' for 81) and only adjust r(T) to fit the
experimental conductivity curve both in low and high temperature

regions. The values of y (T) needed to explain the conductivity

results of Si? and Ge are listed in Table 1. It is clear that a

relation Y(T) - Yo(1+OT) with appropriate yo and 0 explains the high
temperature variation of the thermal conductivity of the samples
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studied here. The fitted values of y(T) are in reasonable agreement

with recent experimental9 and theoretical' results.

In conclusion, within an isotropic continum model for germanium

and silicon we have shown that consideration of thermal expansion

explains both the low and high temperature lattice thermal

conductlyity of these materials,

Table 1: Temperature dependent Grineisen constants fitted
to explain the lattice thermal conductivity of Si and Ge.

Temperature (R) 
GrUneisen constant

Ge Si

10 1.6 0.6

20 o.5 0.65

40 0.36 0.35

80 0.28 0.27

100 0.29 0.25

200 0.39 0.29

300 0.43 0.33

600 0.52 0.39

800 0.55 0.42

1200 - 0.45

'Srivastava, G.P., J. Phys. Chem. Solids 41, 357 (1980)
2Srivastava, G.P., Philos, Mag. 34, 795 (1976)

lKcsedy, D.J. and Klluens# P.G., Phys. Rev. B15, 5957 (1977)

4Ecsedy, D.J., in Thermal conductivity 14 (Ed. P.G. Klemens, and

T.K. Chu), Plenum Press, N.Y., 1976 p.19 5

$Yates, B., Thermal Expansion (Plenum Press, N.Y., 1972)

$Soma, T., J. Phys. Soc. Jpn 42, 1491 (1977)

Holland, M.G. and Neuringer, L.J., Proc. Int. Cong. on the

Phys. of Semiconductors, p.475 Exeter 1962 (The Inst. of

Phys. and Phys. Soc., London 1962).

•Geballe, T.H., and Hull, G.W., Phys. Rev. 110, 773 (1958).
'Slack, G.A., and sartrum, S.r., J. Appl. Phys. 46, 89 (1975).
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TWO-PHONON BOUND STATES IN AMMONIUM CHLORIDE AT FINITE TEMPERATURES

A.A. Anikiev, B.S. Umarov, V.S. Gorelik* and J.F. Vetelino**

S. Umarov PhysicotechnicaZ institute, Dushanbe, USSR

P. Lebedev Physical institute, Moscow, USSR

**Department of Electrical Engineering, University of Maine, Orono, Maine

04469, U.S.A.

Abstract.- Two-phonon density of states in 20 band of ammoni-
um chloride crystal was calculated by the method of Green's
temperature functions considering anharmonic phonon-phonon in-
teraction. Theoretically calculated temperature dependence of
quasibound two-phonon state is compared to the Raman scatter-
ing experiments.

1. Introduction.- Along with the usual phonon shift and widening the
anharmonic phonon-phonon interaction leads to the appearance of ano-
walous structure in crystal optical spectra. The exhibition of these
peculiarities may be explained by considering the processes of reso-
nance or bound phonon states as a particular case of their scatter-
ing on each other and decay. The detailed analysis of conditions of
resonance and bound phonon states formation was carried out in work
/I/ by the Green's function formalism at T=O.

Our approach is similar to the formalism used in work /I/. How-
ever, we apply the temperature Green's functions and consider the
temperature effects on the optical phonon lifetime in a self-consis-
tent manner.

2. Results.- The two-phonon temperature Green's function has a form i

Here W(ct) C V(Xje are phonon field operators in Ileisenber ' s

representation depending on "imaginary" time - temperature; H is a

Hamiltonian operator containing the fourth-order anharmonic term;TT

is a "time',-ozdering operator.

In accordance with the rules of the analytical calculation of
the diagrams in technique atT#O we contrast one loop in Bethe-Solpe-
ter equation with the function: J(-Xt-r)-- 0() -JL'-.8nj. the momen-
tum representation a single-phonon propagator 6 iAp) has the
followin6 form: -r] IC7 "40 ii 6WoIfion - (2)
where PN is a law of phonon dispcrsion, and r is a small but finite

phonon width at low temperatures. The total two-phonon Green' func-

* .. ". " J
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tion, obtained by summation of Ceometrical progression series /l/

will be written as follows:

where I is anharmonic coupling constant and
in a 17T i, -,,,) '(k i' (4)

In a self-consistent trea iicnt phonon damping .pin iqs (2) to (4)

should be replaced by 1mn (K/'n)The self-energy ( iawas evalua-

ted as the sum of the diagram (at low temperature wproximation):

'Z = GC! .-. 4(! -#L -0 # 0

Analytical expression for f(kj,) has a form:1(, = ,( ,, (5)

In order to evaluate the integrals in Eqs (4),(5) we consider the

first term of propagator (2) and the integration interval from Wo to

"//,e where fl is one-phonon bandwidth. oreover, to compare the cal-

culated density of states to the experimental Raman scattering expe-

riments we assumed the phonon pair momentum K=0 and make the replace-

ment t*--- O 1400c- 1 for NH4 C1. The self-energy part is then rewrit-

ten in the following form:. ( (

Here function P(W_- -!;6M s defined by Eq. (3) at low tempera-

ture alproxination dnd n(u') is Bose-factor. Function fl(U) expressed

through the temperature depending phonon damping (6) is given:

,,f 7 (.,r)O, _Ew.+,(&". #,i_ .f_(w_) ()

The density of states of noninteracting phonons a w) is defined
in integral form obtained in work /5/ for the dispersion law-(1

3K

3'1~ y efpV+44 41 carry out the iteration pro-
cedure using Eqs (3) to (7) to calculate the temperature effect on
the two-phonon band shape. First we calculate the two-phonon spect-

rum numerically for various values of anharmonic coupling constant
at fixed temperature T=70K. The results of the calculations are

shown in Fig.1. As one can see the quasibound state appears on the

continuum low-frequency edge in accordance with the RS experimontal

data /3/. The procedure of fitting gives the constant value Al

= 32cm. As a second step, we calculated two-phonon spectrum at
fixed value f = 32cm-1 and various temperatures. P(w) spectra,plot-
ted as the function of energy and temperature, are shown in Fig.2.
When the temperature increases, the two-phonon continuum intensity
increases too, and quasibound state intensity decreases. The decay
of the quaibound state occurs at T=280K in a small disagreement
with the experimental data /4/. It should be noted that the calcula-
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9 Fig.l. Spectral function
plotted as a func-

tion of frequency for differ-
ent values of anharmonic
coupling constant.
The Raman spectrum studied
in work /3/ is shown by

0/ i dotted line.

2900 2800M c~
ted value of a coupling constant is overstated as we did not take
into consideration the hybridization process between the two-phonon
continuum 2Y and closely located one-phonon st~*e V 1= 3O 5 cm- 1 .

T 00K Fi. g, The two-phonon spect-T O ra .4pT) as function of

frequency for various tempe-
S- 190K ratures. Two-phonon quasibo-

und state is appeared at
UM_ , .C temperature T=280K.
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FOUR-PHONON PROCESSES IN SOLIDS

T.J. Singh and G.S. Verma

Phjaico Departmnent, Bma, as Hindu University, Va na8i, 221005, India

Abstract.- The relaxation rate of four-Phonon Processes is
derived using a diagrammatic field-theoretic approach. The
results are in agreement with the earlier predictions of
Pomeranchuk and recent perturbation results of Hcsedy and
Klemens for a relatively simple model of a solid for which
it is possible to obtain analytical expression.

Four-Phonon processes can arise in two ways via the

perturbation terms (i lH 4 1 f> and (ij H3I l(lIH31!f/(Bi-E1).

H3 and H4 are respectively the cubic and quartic anharmonic parts

of the crystal Hamiltonian. The equivalent diagrams are shown in

Fig. 1. Fig. l(b) has a very interesting feature. It is possible

to conserve energy at the interaction vertex giving rise to a

resonance of the Briet-Wigner type in the Phonon-Phonon interaction.

Processes depicted in Fig. l(c) are well-behaved and hence there

will be no resonance. We discuss resonance effects in a separate '
paper1 . So for the present we concerntrate on Fig. l(a).

We start by defining a one-Phonon Green's function and

calculating the phonon self energy associated with the diagrams

(Fig.2.). The self-energy is found to be a complex quantity ; the

real part merely serving to renormalize the phonon frequencies and

the imaginary part is our relaxation rate for four-phonon processes.

This rate when simplified for high temperature case, becomes

% 2 T 2T ( .

+ L

i+ i ) ( .-"_ [ -0 (
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where 4(1) is the lattice Kronecker dalta, the summations over 123

indicate summations over all wave vectors q's and over all

polarisation branches S's, K is the Boltzmann constant, N is the

number of unit cells in the crystal and q (q) 'a are the atomic

force constants and , ) 4(qlSl) and etc.

For a f.c.c. crystal with central nearest neighbour

interactions the atomic force constants q(q) 'a become, in the

long wavelength limit
2n4 ao 04 A

T( _qSqS , - 2s2 , 3 s 3 )j = q
2  - q qlq2 q3  . . . (2)

where a is the lattice constant, and M mass of each atom, a is

the equilibrium force constant and the factor A contains all the

Fg Diagrammatic representations of 4-phonon processes.

(a) (b)

:. Diagrams contributing to the self-energy.

information regarding angular dependenc,.s of the various modes
propagating through the lattice. Using (2) in (1), we get

"C'.
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PC~s,a) = A'&2 (Is)T2 . . . (3)
where A' 2 16 a 2A2K2 a 9/3v M4 . . . (4)

and v is a suitably averaged phonon velocity.

Equation (3) agrees with that suggested by Pomeranchuk2 and

the recent perturbation result of Eceedy and Klemens 3 . However,

their treatment suffers from the basic assumption that all phonons

except the one under consideration are in thermal equilibrium. Such

an assumption is unnecessary in the present derivation which also

takes care of all possible modes of combinations of phonons in a

natural way. Moreover, for any model of a solid the relaxation

rate of 4-phonon processes can be calculated by using eqn. (1)

Besides the real part of the self-energy function, there

is another source of renormalization of phonon frequencies.

Because of thermal expansion the frequencies of phonons may

* be changed4 and such a change can be easily calculated. We find

* that for a purely anharmonic crystal the change is of negligible

order and that so far as temperature dependence of the relaxation

* rate is concerned the effent of thermal expansion is negligible.

Thus thermal expansion alone can not explain the T2 -dependence

of the observed phonon conductivity in semiconductor, espedally

in Si 5
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ANHARMONIC INTERACTION IN ZINC SELENIDE

D. Schmeltzer and k,. Beserman

Solid State Institute and Physios Department, Technion, IsraeZ Institute of

Technoloy, Haifa, Israel

Abstract.- Experimental evidence of anomalous temperature dependence
of the double phonon Raman spectrum is brought and explained by a 4th
order anharmonic coupling between two 2-phonon states.

We report experimental evidence of the fourth order anharmonic interaction in the

continuum of ZaSe transverse acoustic-phonons, and its temperature dependence. The

fourth order interaction produces a positive feedback which is the fourth order

coupling parameter. The intensity of the response function increases with the

increase of the feedback parameter.

The Reman spectrum (RS) intensity of the double-phonon band has been studied as a

function of temperature. At room temperature this spectrum is mainly composed of

the 2 TA peak from the X point of the Brilloin zone with some contribution from the

CIl0) direction and from subtractive photons.

Fig. I shows thei +12 representation of the ZnSe R.S, Excited by the 64711 line,
1 12

at 80K, 300K and 480K. As the temperature increases, the double phonon intensity

increases with respect to the TO , and LOgeodes. When the temperature varies from

80K to 660K, the variation of the Bose-Einstein factor ratio between TO1, and 2 TAX

should be 10 while experimentally we found a factor&1O0. The width, shape and

frequency of the double phowon peak do not vary appreciatively with temperature.

These results are the same when the 67642 kryston laser line is used, and no

anomalous behaviour is observed in the double phonon spectrum of ZnS.

These experimental facts show that at high enough temperature an Instable double-

phonon state exists which disappears at low temperature.

In order to analyse the behavior of the doublephonon in the acoustic range we assume

a fourth order enharmonic interaction .

.* .Lwk 1*kb
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The Raman Intensity is proportional to the time ordered green's function

In the mean field approximation

~-J Re -").I*mFA~

Im 1F4 is proportional to the double phonon density of states&P). At high

enough temperature R - 1 Re Fr-j) gives the resonant condition.

For km >> , T ,iw T-Tm

For frequencies close to C 1 ,he singularity of the density of states

produces a large change in the second order Raman intensity

0 1- T "±e
r42 rT .) (6) La

When T)To for high temperatures

14% 1 ) - -T

We deduce 
-O T,

F(T) zo L ..)/r, .

In fig. 2 we have plotted F(T) as a function of temperature. The graph shove

that for T 600 K the linear equation given for F(T) is valid and fits our

experimental results well, with T* = 600 °K.
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ZnSe Fil. I:- ZuSe Raman Intensity at

00 K different temperatures,
SO K .64719.
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fig. 2:- F(T) plotted as
a function of temperature
this equation has been
normalized to 1 for

T-300K, the experimental
points are indicated by

0 circles.
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LIFETIMES OF HIGH FREQUENCY PHONONS

M. Lax%, V. Narayananurti, P. Hu and W. Weber"*

BellL aborator'4ea, Murray Hill, N.J. 07974, U.S.A.

AhP - We discuss the inhibition of anharmonic spontaneous multiphonon decay by energy-
momentum, conservation and the reduction of isotope scattering by the sharing of ionic motion to
permit a frequncy window for longlived transverse acoustic phonons.

I .aicg~nn - Recent high frequency phonon experiments have revealed anomalously long phonon life-
times at low temperatures.' Indeed, for phonons generated by e-h recombination in GaAs mean free paths

oa few amm have been observed for near zone boundary acoustic phonons.
Sn elementary theories of isotope scattering and of two-phonon decay lead to scattering rates that

grow as w4 and ws respectively, the experimental results require some mechanism or mechanism that inhi.

hit such scattering processes at least over some frequency window near the zone boundary.
2 0nentnnaous Phono. Decay - In an isotropic sold transverse phonons can not decay into two other pho-
nons becaume of energy and momentum conservation.3 NUaOs recognized that the sam conclusion would
be likely to apply to an anisotropic crystal, but that conservation of energy and momentum would be model
dependent. He demonstrated the result for a fare-centered cubic crystal with central force between nearest
neighbor atoms.

Lax, Hn and Naraynnamuntis proved the following theorem: A phonon can not decay by anharmonic
processes of any edr into a set of phonons each of whose phase yeeft. is higher than that of the initial
phoson. This result is applicable in the presence of jlowary and .uwm dparvon in an anbiomapi crystal '
of otary syuuay. It is applicable to U (uroklapp) as well aN(normal) processes.

The above therm does amt comnpletely praide the possibility that a transverse acoustic phescan-
decay by anharmome processes. but as found in Maris's example, only modes with small wave-vate q "an
decay. Ile rason for this is that the phase velocity of a phonon will normally decrease with Inc s qI
making it more &Sceek to Sand phoons of lower phose velocsty to decay into.
3a~umu To explain anomalously long-lived phonons, we must also demonstrate that isotope
scearlag ms Mu over some frequency 'wlndoW, is weaker then expected from the usual theoretical treat-
meat of montomaic luatlse. We have suassads that ths weakness is to be expected to malti-atomic let-
doco when not Al of the ecomstituents peasser lsetopes. Nf only one atom (may Ga) has isotopes, there is a

redmcien factor of the fo" Iu(q . uf(q) 13where aft)(u is a (normuelined) amnpitude foe On in a
mode of type # with propagation vector q. Haft t and q refer to the Instial phonion e and t' and 4( refer
to tk final s.

For tdo ams of GaMs, which has cAke dle as w" as space group symmetry, the Inita and final st
ampitudes ca be disentangledl and the decay rate l/-rl(q) associated with a single scattering coae in a lt
tie of Krift 1 livineg by

Iu'~gI . <"AfB2 V wheref - (/*()
W1() 12 (Aa

*M. Lax iasha Fbis taL Cty Ceiqae of New York, Now York 10031.
**W. Weber in eWse a Ksredshapet Kauisruhe, PRO. Inst. f. Angow. Keraphy I.

1' * "A
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versus frequency for (s) k- [1,.0,0]. and (b) k - [0.3,0,01 phoon vesow transwers, phone..

For decay of a transverse phonon, the relevant final awes are also transverse. We display g,4nak) for
i and 9' slow (S) or fast (F) transverse (T) phonons, with k at 1. 3,0.01 and 1 1,0.0IIX (the zone boundary
point) in Fip. 2a and 2b respectively. Since the two phonon density of states exists only above some
minimum w., for any given k, phonous whose w(k) < w. can not decay, such as the T phonons at X.
This conclusion is undoubtedly valid in a# directions for large enough k permitting propagation over a sub-
stantial portion of k space.
5.~mm= - We have shown that anharmonic decay by a phonou into two (or more) phonona is rigorously
prevented if the final phonons have higher phase velocities than the initial phonon, and is strongly inhibited
for acustic transverse phonons near the zone boundary. Moreover, isotope scattering in GaAs is reduced
near the zone boundary by two factors involving the squared amplitude of the Ga atoms. Thus a window is

available for long-Hved high Fequency phonons. Since these results depend on the asenvectors they pro- I
vide a more sensitive test of vibrational models than measurements of dispersion alone.
6M a, .s - We thank M. Schifter for his advice in the use of the Giiat-Rauheshelmer code,
and R. C Fulton for programming support. Work at CCNY was supported by ARO, DOE, and PSC-
CUNY.
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PHONONS IN SUPERIONIC CONDUCTORS

W. Hayes

Clarendon Laboratory, University of Oxford, United Kingdom

Abstract - Detai led information about the nature of disorder in superionic
conductors can be obtained from the study of vibrational excitations using
Raman, Brillouln and neutron scattering techniques. The present review
will be concerned with the application of these techniques to materials
such as Agl, CaF2 and sodium 0-alumina, with emphasis on the latter.

I. Introduction. - Most ionic solids have values of the electrical conductivity

a immediately below the melting temperature TM about four orders of magnitude

smaller than In the melt. In LIF, for example, a increases from 10 -10(Qcm)-I at

room temperature to lO-3 (Scm)- I just below TM = 1140 K. On melting a increases

discontinuously to lO(acm)- . However, some ionic solids have values of a in

the crystalline state comparable to that in molten solids and are referred to as

superlonics or fast-ion conductors I . This high value of a Is due to ionic trans-

port and is a consequence of extensive disorder in a component sublattice of the

solid. The study , ,nic vibrations in disordered systems has an intrinsic

interest of its own and in superionics such studies throw light on the mechanisms

2,3of conduction

The superionic materials that have been subject to the most extensive study

at a fundamental level in recent years may be divided into 3 groups:

(I) Silver and copper based compounds e.g. Agl, RbAg 4 15 and Cul, In which disorder

occurs In the silver and copper sublattices. Here the prototype material is AgI

At room temperature Ag has the hexagonal wurtzite structure and is referred to as

1 Agi. At Tc = 147C a first-order phase change occurs to a body-oentred cubic

structure, referred to as a Agl. The value of a just below Tc Is 3 x I(-4(acm)I

It increases abruptly at Tc to ^ 1.3(ncm) and falls slightly from this value on

melting. A variety of structural studies indicates that in the a phase the Iodine

ions form a fairly rigid bcc lattice and that the silver Ions are randomly dlstri-

buted between them In tetrahedral Interstitial sites. It alsoappears I that the

motion of Ag ions between nearest-neighbour tetrahedral sites Is the basic step

in Ion conduction. Phonon studies on Agi and other materials In this group have

been reviewed recently and will not be discussed furtler ;,ere. However, the

attempts that have been made to obtain Information about the dynamics of the mobile

ions using quaslelastic light scattering4'5 '6 and quaslelastlc neutron scattering7

should be mentioned.

(ii) Materials with the fluorite structure. These will be discussed In 1 2.

I '4
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(iii) Materials with the B alumina structure. These will be discussed in § 3.

2. Crystals with the Fluorite structure. - A pronounced heat anomaly occurs in

halides with the fluorite structure at a temperature Tc well below TM;for CaF 2 Tc

1430 K and TM = 1633 K. This anomaly is due to development of extensive disorder

In the anion sublattice and is associated with the onset of high ionic conductivity
.

A study of the effects of anharmonicity (T < T c ) and :attice disorder (T > T c ) on
c c 8the Raman spectrum of CaF2 0 SrF2 # BaF2 ' SrC 2 and PbF 2 was made by Elliott et al

In these materials the T Raman-allowed phonon broadens with increasing T and the

detailed shape of the Raman band below Tc can be explained quite well using third

and fourth-order anharmonicity. Additional scattering develops on the low energy

side of the T2g phonon for T > Tc and this can be accounted for by a theory of

defect-induced scattering, including effects of both anion vacancies and anion

Interstitla Is.

Effects of disorder in the superionic phase of fluorites (T > T ) on elas--c
tic constants was studied by Brillouin scattering techniques showing a dramatic

fall of CII at Tc. Neither C12 nor C44 Is appreciably affected by the disorder.
10

Similar results have been obtained by neutron scattering techniques . The

different behaviour of the elastic constants may be ratlonalised from the fact

that the contributions to C from Coulomb and short-range forces have the same

sign whereas for C12 and C44 they have opposite signs. It seems that effects of

defects on C12 and C44 is small because the change in Coulomb and short-range

forces largely cancel each other.

It should be emphasised that the theories used to account for effects of

disorder on the Raman and Brlllouln spectra of fluorites '9 are not sensitive to

the precise configuraIons of vacancies and interstitials. However, very useful

information has been obtained about the structure of the superionic state of

Fi1: Model of a 2:2:2 defect in
Hflorite showing two anion inter-

stitlalse, two relaxed anlons* and
two anion vacancies 0

-l i I m - .
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fluorites from the q-dependence of the intensity of quasielastic neutron scatter-
inq These results may be explained quite well assuming the existence of a

transient vacancy-interstitial complex of the so-called 2:2:2 type (Figure 1),

Involving two anion vacancies, two anion Interstitlals and two relaxed anions.

The neutron linewidths suggest that th~ese complexes survive in the superionic state

for times of '. I ps. This type of complex Is very stable and Its formation

contributes to the large reduction In anion Frenkel energy needed to account for

the onset of cooperative disorder atT
Sri I ouinseattering techn Iques have aI so been used to study effects on T c

of doping with trivalent cations' . It was found, for example, that doping CaF 2
with 9 mle per cent of YF 3 reduces Tc from 1430 K to u 1200 K. In the doped

material 2-2-2 type complexes form, similar to -that shown In Figure 1, but invol-

ving Y +In cation sites, rather than anion vacancies. Calculation showed 13

that such complexes act as traps for thermally generated anion Interstitials,

thus reducing the energy of formation of anion Frankel pairs and also of Tc

3. Compvounds with the 8-alumina structure. - Melt-grown crystals of sodium

$-alumina have the formula (l~x)Na 0: If At 03 where x n. 0.3 represents departure

from stoichiometr. The Ionic conductivity at room temperature Is large (a 1, 0.04
(Qon) I ) due to nonstoichiometry. The crystals have a centrosynmtric structure

with hexagonal symmetry. They consist of spinel-like (At i 0i6) blocks separated

by mirror planes containing sodium and oxygen ions (Figure 2). The spinet blocks

or~ ~ ~ eyFa : 4~ f the 6 alumina

are 11.2d~ thick along the c maxis. The oxygen Ion in the mirror plan. (1)(5) In
Figure 2) are coordinated by if* ons In 1he spinal blocks, Montflg 1h. blocks
together. I n effect, eac 6 Urftr pIaone I s a hetegdnatI ne1orlk ef '0(53 ions linnr-
sperseod wttti cation sties referredl to a Boevers-614=s (OR) anid atf-Boers-fts
(aM), which hae site SyiMetr 06, and Oid-otypn (mo) Which has oft. syufwtry

WOMEN&~ '..r,
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C2V (igure 2). 14
Neutron diffraction studies by Roth et al on sodium B-alumina at room

temperature Indicate that %, 66% of the Na + ions are near BR sites, -x 30% are near

mo sites and n, 4% are near aBR sites. These studies also led to the suggestion

that charge compensation for the excess sodium In the mirror plane occurs through
2-

Interstitial oxygens, 01, .In mo sites bound by two aluminium Ions (AMC) In

Figure 2) displaced fromn their normal positions towards the 2-

Studies of the Raman spectrum of sodium B alumina showed E 2g peaks at 61

and 100 cm&1 I 5,16 The 61 cm-1 peak was assigned to vibrations of Na+ Ions In

BR sites and the 100 cm- peak to shearing of spinal blocks. The Infrared

absorption spectrum measured with the electric vector In thes mirror plane Is

much more complex 1.However, interpretation Is assisted by measuring the absorp-

tion of material approximating to stoichiometry (Figure 3a). Here excitations are

sharp (FWHM 1v 5 tm1)I compared to the widths of the overlapping bands found for the

20

30 100,

C04

10 100

0 0 10 10 0 s 50 tt so
c4 0 4

Fig. 3: Infrared absorption with E.Lc of nearly stoichemet ric s"dium B aitmilna at
27 ),and of nonstolchicinetrlc _sodium 0 alumina at 2K, W'), and 3001K, (c).

nonstoichianstrIc material (FWI4 1- 25 cm- )(Figure-3bJ. Since we expect the

occupation of BR sites to be predominant In the more, stollictdintric ,mterial we

assign the 59 emi- line In FIgnWt 3* ICE El vibrations of NM Ions near 81R sites,

consistent with the assignment of the Ra5npak The other lines in

Figurv 3a are d"' to complexes of No i ons In various degrees of association with

13-17ad ttere s- Qn-to-one correspondence with the bamds of Figure 3b.
Figures 3b and 3c shew the chu~e In the Unfrarad atbsorptlon of nonst iochio-

metric mterde an giui frai 2 to 3MP., The Intensity of the 102 cm-1 band Is
very sensitive to tempratre, decreasing with Inaesing temperature with an

WM-
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activation energy of " 0.02 eV. This may be taken to be the energy required to

remove an extra Na Ion from the vicinity of 0f-, making It available for long-

range conduction. The 85 cm - band decays with increasing temperature with a
-I

similar activation energy. The Intensity of the 135 cm band Is less tempera-

ture sensitive and the Intensity of the 176 cm- I band shows little change between

2 and 300 K. If, In comparison with Figure 3a, we assume that the Na* Ions giving

rise to the main peak In Figure 3c are near BR sites we conclude, in agreement
14with Roth et al4, that 66% of the Na+ Ions occupy such sites at room temperature.

However, It would seem that the assignment by Roth et al1 4 to mo sites cannot, In

our case, refer to a unique complex since at least five different centres are
14

involved. The percentage assigned by Roth et al to aBR sites Is too small to be

readily recognisable in our studies, but it seems likely that Ions In aBR sites

will have a vibrational frequency comparable to that of BR sites. Our results

are in general agreement with the suggestion of Wolf that the sodium ions should

be considered as two major groups, those bound with di fferent strengths to 0 I.e.
2- e

in associated areas and those not appreciably perturbed by 0 I.e. in unassocia-

ted areas.

* We have carried out similar studies on silver
19 and potassium B-alumina

20

* ~~21 eshland more recently on sodium B" alumina and its Isomorphs shall give a

preliminary account of our work on sodium B" alumina here. This material is similar
In structure to sodium B-alumina. It has the rhombohedral space group D d and is

composed of spinel-like blocks of aluminium oxide, but ordered In a triple stacking

sequence along the c axis. These blocks are separated by conduction slabs contain-

Ing sodium and oxygen ions. The Ideal structure is represented by the formula I
2+unit Na2O.MgO.5AI203 with Mg Ions dissolved primarily In tetrahedrally-coordinated

Al3  sites. Figure 4 shows a projection of the positions of Na+ Ions in the con-

ducting slab on to the plane defined by the bridging 02" ions. The sites which

0 ) 0
o 0

Fig. 4: Conduction slab of sodium
OF lumlr ashow lmg oiyge len am

0 (large circles), sodium lens
0 (smal I circles)' and a sodium vacancy

0 0 0 (sqiqre).

o o 0 0"~b
* . . , *;( " I z. °','

0 i
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correspond to the BR and aBR positions In sodium B alumina (Figure 2) are In this

case equivalent. It Is general ly assumed that the crystals are not stoichiometric,

containing about 15% of Na* vacancies, and that the high Ionic conductivity (

0.06 (12 cm)- I at room temperature) is due to vacancy motion.

Figure 5a shows the Infrared absorption at 2K of a crystal of sodium B"

alumina provided by W.L. Roth, with the electricvectorof the radiation perpen-

]- '
.t

Fig. 5: Infrared absorption of sodium B"
alumina with E.Lc, at 2K and 300K.

dicular to the c axis. The spectrum Is complex, showing some similarity to that

of sodium B alumina (Figure 3). An approximate deconvolution of overlapping bands

Is shown In Figure 5. The Interpretation of these bands Is at present tentative

awaiting the outcome of model calculations and further experiments. The bands at

155 and 176 cm are probably due to Na Ions In association with O . The band

at 90 cm I loses about half of Its Intensity on warming to room temperature (Figure

5b) and by analogy to sodium B alumina may be due to Na Ions weakly bound to 0-

The peak at 65 cm - Increases In Intensity on warming to room temperature and

Is probably due to Na ions on normal lattice sites without any other defects near-

by. The bands at 30 and 45 cm"I decrease on warming to room temperature and may

be due to sodium-vacancy oomplxlm. These are also Indications of a weak band at

78 cm"1.
The discussion given above suggests that at room temperature about 45% of the

sodium Ions are on lattice sites without other defects nearby and that the rest of

the sodium Ions form a variety of compeies. This behaviour Is similar to that of

sodium I alumima, but, alain, ite situation Is more cwqlex than the Offrection

rueuli for sQdlum 0" *lWmin 14 sug "t.

4. Conclusions. - The suWilonic mterials "lready discussed divide Into two

categries from the point of view of Rmn and Infrared s+udles of phenons:

(I) A sbIattlee of the mferial Is e4factively totally disordered a In d AI or

parly disordered as In fluerites. The disorder here Is Intrinsic and Is a coper-e-

ti e, thermlly-l edued phenamenon. The characteristic features of "es materials

. -. 76
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* are a Raman spectrum correspondi ng to a defect-induced si ngie-phonon density of

* states and a quasielastic peak associated with diffusive motion.

(11) Nonstoichlometric materials, such as sodium B alumina, where the disorder Is

present in as-grown crystals. The Ions responsible for conductivity in these

materials give rise to relatively sharp Raman and Infrared lines, giving detailed

Information about environment. There Is a need for quastelastic light-scattering

studies of these materials.
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VIBRATIONS AND DIFFUSION OF ATOMS IN SUPERIONIC CRYSTALS AND MELTS

R.J. Elliott and M. Dixon

Departmnent of T heoretioal Physics, O'xford University, Oxford, U.K.

Abstract. - Recent computer simulation studies contain sufficient
information about the atomic disorder and notion to allow &-calculation of
the dynamical response of superionic crystals and melts which may be com-
pared with measurements of inelastic neutron scattering and Raman scattering.
The high frequency part of this response is essentially that of anharaonic
vibrations in a disorderd lattice. The low frequency part results from
correlated jump diffision of the atoms.

1. Introduction. - The exact nature of the transition which occurs in auperionic

crystals is still imperfectly understood, in spite of the intensive study of

materials like Agl anid particularly the iluor Ites (1). In the latter the anion

lattice certainly disorders to somi extent (2) and these ions are able to diffuse.
However it now seems unlikely that the disorder is simply due'to partial occupation

of the empt y cube centre sites wi th consequential vacancies in the normal sites.

Rather there appears to be a density variation alorng the (100) anion chains and a

strongiw correlated notion in these directions.

The experimental observations cannot readily'be interpreted' in- terms of rnii~ble

models of disorder. The extensive conm.puter sim ulation studies of Gil Ian and

Dixon (3) and others (4), elucidate some aspects of the'prob,.rn. %lbat recently

Gillen and Dixon (5) have studied In more detail the dynamical response In SrC1 2
using a 96 ion sample and rigid ion potentials. 'Thie'iesult for the anion siructure

factor (defined below)is show.n in figure 1'.

Partial dynaical structure factor a__(k,W) at
It - (21 I%)(2.3,0,40) ttusatmlaetisoa a
938K (broken li) and7 - 1~4A (full line).
The ps at 1.4 and 4.0 x IVrd ;1 are

*phoens. The Ieakat W- 0in thefull line
to due to difti ttiejik

Phono structure is still visible in the high T phase although expertstes by-
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neutron scattering (6) and Raman scattering (7) show greater broadening. This
is interpreted (7) as due to anharmonicity which is effective at relatively low T
and the destruction of the k-selection rule by disorder at high T.

2. Theory. The structure factor which is related to neutron scattering is
defined as

S (kpw) I fdt e ~ <E Z explik.R.(t) - R 01(1 C 2w -- -JL

where ii is the position of atom i of type a and < > indicates thermal average.In

harmonic theory R(t) is expanded about its equilibrium position, but in the simu-

lations the full expression is used. The motions at high T are roughly described

as oscillations around some point, followed by a jump to a new position.

The Roman scattering is proportional to the correlation between the polarisa-

bilities

Ra Lrdt ein3t (t) P 0>ab 2w ab ab

Bore P is the polarisation due to the fields K 9K' of the incoming and outgoinga b
photons.

~ab *E a rb(

where r(i) is the relative electron co-ordinate on atom i. There are two import-

ant contributions to P, one local when i-j involving the electronic quadrupole or
the electronic orbit size, for combinations o f the indices a, b appropri ate to

second and zero order harmonics respectively. The other arises for the induced

dipoles on different atoms i 0S j, which is effectively the modulation of the
van der Rals interation (8). Extensive discussion of the latter mechanism has i
been.givem for rare gas liquids but because of the long range non-local character

computer simulations are unreliable (9). We have assumed a local polarisation
which depends on t1he relative local atomic displacements via a term like the

loin-Mayer potential A e 1 '/P. The two components depend on the #ensity and quadru-

pole distortion of the local enviroment.
3. Mlts. - We have estimated these effects on a Computer simulation of molten
Sol using a rigid ion model (10). Figure 2 shows results for the number-numberI
and charge-charge semineions.

8ses 44 80+8- *p9,,
The Mmma seattering isitsmotty is show. la f igure 3 for the two symes try types.

limesthe p irisbility is an. t relative atomic displacements the vibrational

pert is embasised, although the 'optical phonon' peak is less pronoumed than it
is in S The sarzo, diffusive peak sae in Se is absent.

Coputer slaulatioas are proving extremely valuable in determining the atomic
strueture and atomic motiom n Lamperiomics and molts. they allow an effective
separation+ of vibrational and diffusive motions because of the jimp diffusive
eharaeter of these.

- . -. 77~ --- - ----- ,-. -A'~*
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Pp2 Sr(q,w) ad (b) S (q,W) at q -0.3&-l from a simulation of molten
Nal at 1000 K. SUA is largify diffusive but Sce shows a peak due to optical type
vibrational motion. Note the difference in frequency scale.

1 1. 40 1

wie"Wewle'
1&3 aansatein itnstespedcedfrma iultono
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PHONONS AND IONIC CONDUCTIVITY IN THE TWO-DIMENSIONAL SUPERIONIC

CONDUCTOR AgCrS 2

P. Brieach, T. Hibma and W. Buhrer*

Brown Boveri Research Center, CH-5405 Baden, SitserZamd
*Institu ffib Reaktortechnik ETHZ, CE-5303 WUlrenlingeN, Switzerland

Abstract.- Far-infrared technique, coherent and incoherent neutron scat-
tering have been used to study the lattice dynamics of AgCrS2 at different
temperatures. The low frequency TO mode shows a pronounced softening between
10 K and 700 K. The data are analyzed with a rigid-ion model and it is
shown that the pattern of eigenvectors of the low energy modes (v < 45cm 1)
give basic information for the diffusion process of the Ag ions.

AgCrS2 is a layer crystal which shows rather anisotropic behaviour in structure

and macroscopic properties. At 673 K AgCrS2 exhibits a second order phase tran-

sition to a partially disordered structure where the Ag ions are distributed over

a large number of available sites, resulting in a high ionic conductivity in the

layers (1). Insight into the fast diffusion can be gained by investigating not

only static properties such as o (0) but rather the full dynamics of the crystal

lattice. This paper reports results of far-infrared and neutron inelastic scat-

tering experiments. The measurements are analysed with a rigid-ion model and the

process of jump-diffusion is discussed on the basis of a reaction coordinate

which is expressed in terms of the phonon structure.

AgCrS2 cristallizes in a trigonal lattice (space group C v) with one formula unit

per primitive cell. At the zone center, the irreducible representations are

r = 4 A, + 4 E, and both types are infrared active. Alorg the trigonal axis and

at the point T there are again 4 one-dimensional and 4 two-dimensional representa-

tions; all other points in the Brillouin zone have lower symmetry. Single phase

AgCrS2 has been prepared as described elsewhere (1). Small additions of AgCl im-

proved the growth of single crystal platelets.

The far-infrared (FIR) ,masuremts have been perrobmed with a Becloi inter-

fertmreter in the polarisizgm xo for M a 5)c, nd in toe Michelson mode for

150 cm-1 c v c 4 ci" . Fig. 1 shows the transmissio o *s m or an S2 ilm

on Si, and Fig. 2 displays the reflectance spectrum of a pressed pellet. The first

absopton band near 30 cm can be interpreted as TO mode (q II, e(q) z) an

asnsimnt which is based on tranmission measurements of a thin single crystal.



C6-179

0' 47 A. n 4400 40 N 00 400 M-1

Fig. 1: Far-infrared transmission Pig. 2: Far-infrared reflectivity of
of a thin film (d-000 t) AgrS2 (pressed pellet) at
of AgCrS 2 on a silicon 295 K.
wafer at 295 K.

A rich structure is observed between 190 cm and 400 cm- , a tentative assigne-

ment is given on Fig. 1.

The dispersion relation of the lowest energy modes was determined by coherent in-

elastic neutron scattering techniques on a small but perfect single crystal. For

the experiments the triple axis spectrometer at the reactor Saphir was used in its

doubly focusing mode of operation (2). Results for phonos propagating along the

trigonal axis r - T) and along (r - L) are shown in Fig. 3. The dispersion curves

show the typical behaviour of an anisotropic layer compound with its large separa-

tion in intralayer and interlayer modes.

FIR measurements as function of temperature showed a pronounced softening of the

lowest TO mode, the frequency decreases from 39 cm- I at 10 K to 22 cm" I at the

transition point, Fig. 4. This mode softening is unique in the large family of Ag

based superionic conductors (3). The symmetry of the AgCrS 2 lattice is low, and

hence group theory gives only little information on the eigenvectors of the ions in

the different modes. Therefore it is necessary to perform a model calculation, and

as a starting point we used a simple rigid ion model with valence field forces for

the short rae term. The pae maters (10 short-range stretching constants and ion-

ic charps) were adjusted in order to reproduce the lowest frequency modes (Fig.3).

A serious problem is given by the large separation between the lowest in-plane-

mode (30 cm 1) and the corresponding out-of-plane mode (190 cm!) *hch could not

satisfactorily be explained with our model. For a deeper urdwstanding of this

anisotropy the influence of the induced pernat dipoles on the sulphur ions mist
be included in the cosputatims (4I). Hoer obtain a god agreent for the

low frequency e and due to the large energetic separation of modes with the

t , • .
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Fig. 3: Phonon dispersion curves in Fig. 4: Temperature dependence of the low
AgCrS2 . 0 longitudinal * trans- frequence TD-oe of AgCrS 2 . The
versal; lines: rigid-ion rood- peculiar behaviour below 150 K is
el calculation. not yet understood.

same symmetry, the eigenvectors of the lowest branches turned out to be almost

model independent. We obtain the following result : r (TO) (30 cm - ) Ag planes

vibrate against the rigid S-Cr-S layer; T (TA) only Ag ions involved; T (0)

(45 cm -I ) only S-Cr-S layer in motion; L (TA) (45 cm-I ) only Ag vibrates.

Atomic migration in crystals is discussed by Flynn (5). The instantaneous rela-

tive position of the migrating atcm and ist neighbours is of central interest in

the diffusion process and is a suitable reaction coordinate which can be expressed

in terms of the phonon structure (eigenvectors, density of states). Evidently low I
lying flat optic modes and low zone boundary acoustic branches give the rinair ef-

fects because they have a large density of states, strong vibrational msplitudes

and are thermally easily activated; moreover in all these modes in AgCrS2 the

Ag ions and the surrounding cage move not in phase. In addition the softening of

the frequencies will enhance the diffusion probability (reduced barrier height).

This can, in principale, give rise to a temperature dependent activation energy (1)

In summary we conclude that the observed dynamical features,i.e flat, soft, low

energy modes, qualitatively explain the fast diffusion of Ag ions in AgCrS2 . For

a theory of the conductivity a (v, T) and the transit5-1n temperature Tc additional

experiments at higher temperatures as well as a better lattice dynamical model are

necessary.

(1) T. Hibma, Solid State Ccmiun. 33 445 (1980)
(2) W. Birer et al., Nucl.Instr. and Meth. 179 , 259 (1981)
(3) P. BlUeseh, H. Beyeler, and W. Burer, Proc.Int.Conf. on Lattice

Dynamics, FlJamarion (Paris) 1978
(4) A. Frey and R. Zeyer, Solid State Cammn. 28, 435 (1978)
(5) C.P. Fly' a,fts.1ev. 171 , 682 (1968)
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LOW FREQUENCY LIGHT SCATTERING SPECTRA OF AgI K

W. Sasaki, Y. Sasaki, S. Ushioda and W. Taylor*

Univerity of California, Irvine, California 92717, U.S.A.

Abstract. The Rayleigh-Brillouin spectra of a- and 0-AgI have been measured
with a Fabry-Perot interferometer in a back scattering geometry. The longi-
tudinal acoustic phonon frequency in the 0-phase gradually decreases with
increasing temperature from 17.4 GHz at room temperature to 16 GHz Just below
the transition. At the transition temperature (145 C) the frequency of the
LA-mode shifts suddenly to 13.5 GHz, and thereafter it remains independent of
temperature. No peak corresponding to the TA phonon was observed. A broad
peak was observed in the frequency region near 27 GUz where a conductivity
anomaly was found by earlier infrared reflectivity measurements.

1. Introduction.- In the superionic phase of AgI liquid-like diffusive motions of

the silver ions produce two central components in the inelastic light scattering

spectra. (1) In the same low frequency region, peaks due to acoustic phonons should

appear, and according to theory (2 '3 ) they may show interference with the diffusive

motions of cation ions, The purpose of the present paper is to investigate the in-

elastic light scattering spectra of (- and 0-ASI in the frequency range of 0.1 GCz

to 300 GRz. The frequency region near 30 GCz (I cis- 1) where an anomaly in the fre-

quency dependence of the conductivity o(W) was observed by the far-infrared measure-

sent hsas been explored to find a corresponding structure in the light scattering

spectrum.

2. Experiment.- Single crystals of 8-AgI grown from a water solution were cleaved

parallel to the base plane with the c-axis of the wurtzite structure normal to the

large hexagonal surface. This hexagonal plate shaped sample was mounted in an oven

with one of the sides along the horizontal as indicated in the insert to Fig. 1.

What we call Y-axis is normal to one of the sides of the hexagon; Z-axis is parallel

to the c-axis. The Oven temperature was controlled within 0.50 C. The incident light

(6328 1 line of a multi-moe He-Ne laser) was directed Alnga the c-axis and the back

scattered light was analyzed by a triple-passed plane-parallel Tatey-Perot Interfer-

ometar with a fineness of 30. The frequencies of the observed brilloin Spectra

were calibrated by comparison with the well-knom Briliouin spectra of pure fusd
silica. (6)

3. Reslts and Discussion.- Fiure 1 shows the brillouin spectra of 0-Agi (125C)

with the LA phonon peak located at 16.3 Ms. In the (YY) polarization codfigration

& clear peak is observed, while no peak Is observed in the (1Y) polarisatin con-

SPezmaent adMrs : Department Of Physic, University of Idinburghjmksaroh supported by NSf, M 80-11435

i ,m * . _ l -. . . . . .
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figuration as shown in the figure. According to the selection rule for the wurtzite

structure ()this strong peak corresponds to the LA phonons propagating along the

c-axis.

From the observed Brillouin frequency, v - 17.35 Gliz, and the refractive

index, we find the sound velocity v 8 2.48 x 10O5 cu/sec. This value is reasonable

compared to the value of 2.17 x-10 5ca/sec obtained by extrapolating the neutron

scattering data. ()One of the elastic constants C 33 was found to be C 33 3.7 x

101 dyne/cm2  This value is comparable to the corresponding data for Agir and

AgCl.(9

P-S! IS~C ~ .~s ss

X al#-
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Figure 2 shows the Brillouinis. ....
spectra of a-AgI at 1550C. The frequency 11
shift of the acoustic phonon decreases to :2I

13.7 Gl~x at the transition. According to P.

the selection rule for a 6cc crystal,-

both the LA and the TA phonons should
(7) 'appear in these spectra, but the TA

phonon peak is not found. After the

&-to-a phase transition, the c-axis of. ..............
0 to 40 so0 00O It@ 140IO

the vurtzite phase becomes the L11 aIs TKMPERTUNE (CS)

of the cubic phase. (10) Hecunder Fi. Temperature dependence of the LA
our experimental. condition (back seat- phonon frequency.

toting) the LA phonon propagate, along
the E1103 direction of the cubic phase, and can scatter light for the polarization
coufiguratiam (YY) but not for (Y*Z). 7 By rotating the polarization of the In-

cidest light, we found that the maxmum intensity is obtained for the Incident pol-

arizatios at -450 from the vertical. I.e. (Yl,Y) configuration. The Intensity ia

significantly weaker when the Incident light polarization Is rotated to +450, 1.*

for the (YIY) configuration. The reason for this polarization effect has not been
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determined. Howevez, we believe that the observed effect originates from multi-

domain formation at the B-a transition which is first order.

Huberman and Hartin, (2) and Subbaswamy 
( 3 have predicted the existence of

interactions between the diffusing Ag
+ ions and the acoustic phonons. In our exper-

iment, no clear indication of this interaction could be found from the observed

spectral shape of the LA phonon peak. The fact that the TA phonon peak could not

be found in our spectra may indicate a strong interaction between the diffusive

motion of Ag+ and the TA phonons resulting in heavy damping. The absence of the

TA phonons is probably related to the liquid-like behavior of the Ag+ ions in the

a-phase. (11)

Figure 3 shows the temperature dependence of the, LA phonon frequency which

decreases gradually from 17.5 GHz at room temperature to 16 GHz just below the

transition temperature. The frequency suddenly shifts to 13.5 GRZ at the transi-

tion temperature T and remains constant above T . For our sample T was 1450 C.c C-I c

In the frequency region about 30 GHz (- 1 cm ) some structures were found in

the frequency dependent conductivity o(w) which was derived from the infrared re-

flectivity. (4, 1 2 ) We looked for a corresponding structure in the Brillouln spectra,

and found a weak and broad peak at 27 GHz. However, the nature of this peak could

not be determined definitively due to its low intensity.

The diffusive central component with 3.8 cm
- 1 width(11 could not be observed

in this experiment, although we looked for such a feature.
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ULTRASONIC PROPERTIES OF A SUPERIONIC GLASS : B2031 0.5 L12O1 0.7 LiCi

D. tiplys and J.Y. Prieur*

Moleular Acousti~cs Laboratory, University of Vilnius, Knyi.os 4a, 232006
Vilnis, Lituany, U.S.S.R
%abortair d'Ultrasons. Univeraitd Pierre et M~arie Curie, Tour 13, 4 place
JTusaieu, 75230 Pais Cedox 05, France

Abstract. - We measured the attenuation and the phase velocity variations of
longitudinal ultrasonic waves in a superionic glass of composition :3203,
0.5 Li 40, 0.7 LiCi . The experimental curves show at least three different
mechanisms of sound attenuation. Comparison with the result for a less con-
ductive compound (3203, 0.5 Li20) is done. Two of the mechanism are attribu-
ted to the glassy nature of the compound. One is believed to be due to the
superionic properties of the material.

Ang the superionic conductors there is a class of compounds which are glassy
materials. These are very interesting because it is relatively easy to prepare than

with a fairly large size (typically a cubic centimeter). But up to now they are not
as good conductor at room temperature as the crystalline superionic. Thus there is a

nedfor studying their properties in order to improve than.

We have measured the attenuation and the phase velocity variations of ultraso-
nic waves in a superionic glass with the chemical formula 3 203, 0.5 Li20, 0.7 LiCl.
These materials were synthetized by A. IZV'ASEUR and his co-workers, from the

University of Bordeaux I. Their room temperature conductivity is between 10-5 and

10-6 0- cm1. it is generally believed that the increase of lithium oxide will chan-

ge mainly the microscopic structure of the glass when the increase of lithium chlori- I
de will increase the conductivity of the material. Thus it seemed worth to us to
study a glass with the same content of lithium oxide but without lithium chloride,
i.e. 3203, 0.5 1420.- In this way we expected to be able to separate the variations
due to the structure of the material (glassy type variations) from those due to theI
superionic nature of the glass. The experimental results are displayed in Figure
for the attenuation and in Figure 2 for the velocity. In thes figures the data for
the glass with LiCI are shown with full lines whien the ones for the glass without
LiCd or# sheen with dashed Imes

At low temperatures (below IS K) both materials have the mas kind of varia-
tions. They are glassy typs. The variation* for the comound with LiCl have been
analysed in details and the result reported elsewhere 111. The attenuation chane
as T3up to about 1 K, them it bends arounid towa-ds a plateau the height of which
varies linearly with the frequency.

Between 15 K and 100 K a second mechanism of attenuation aimed. It seemed
clear from the results for the ccomond without LAid, this mechanism is due to the
relaxation of a distribution of two level system (M) with a relaxation time chan-
ging with a distributed Arxhanius type lowe versus the temperature. Such a peak is

________ - W" -
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often found for glassy materials [2]. This behavior is less obvious for the LiCi
compound. But, since an increase of the attenuation arises in the same range of tem-
perature, we believe that the main reason for it is an Arrhenius type relaxation.

Finally, at higher temperatures (T > 100 K) a new mechanim& of attenuation

appears in the LiC1 compound. It is certainly much weaker in the other compound since
we begin to see such an increase only above 250 K . This mechanism seemed to be of a
new type and probably related to the lithium concentration since it exists in both

materials and it is much stronger in the compound with the higher lithium concentra-

tion.

The velocity variations does not show so well defined temperature behavior.

However at low temperature they are characteristic of a glassy compound. At tempera-
tures lower than 4 K, the velocity increases as the logarithm of the temperature and.

is frequency independent. The slope of the curves for the LiCl doped compound is
slightly lower than the ones of the other compound. These variations are known to be

due to the resonant interaction between the ultrasonic waves and the TL [1-3]. Then

the curves bend around and a decrease almost linear is observed. It has been shown

in Ref. [1 this variations can be explained by the relaxation interaction between
the waves and the TLS. The bending appears at higher temperature and the temperature

decrease is weaker in the compound without LiCl than in the other.

- . O A 2ioMHZ
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Figure I - Experimental variations of Figure 2 - Experitedtal velocity vara-
the attenuationo tudinal waves tions of longitudinal waves in bothin both compounds. The lines ar guide compounds. The lines ar guide fo the

for the eyes. The full lines are rola- eyes. The full lines are relative to
rive to a 0, 0.$ L120, 0.7 LIMI and Si0 0.5 LiO, 0.7 LiCl and the dashed
the d ed lines to B203, 0.5 U2O .es to %0, 0.5 U20
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Around 60 K the slope of the decrease diminishes and a region with a slight
dispersion starts. It is in the temperature range near the maximum of the Arrhenius

peak. Then we think this change is related to the peak.

On a quantitative point of view, we must remember that the attenuation varia-

tions for any effect are at least proportional to the inverse of the third power of

the sound velocity. Thus we measured the absolute sound velocity for longitudinal and

transverse waves in both compounds. We found VL - 6.2 . 103 m/sec and

VT = 3.75 .103 m/sec in the LiCl compound, and VL = 6.92 - 103 m/sec

VT = 3.97 .103 m/sec in the other. Thus the attenuation of the latter must be mul-

tiply by 1.25 before comparison with the LIM doped compound.

If we do so, the height of the plateau is the same in both compounds. This

seemed to show that the coupling constant is independent of the LiCd concentration.

The slight difference in the slope of the velocity curves can be taken into account

by changing the distribution of two level systems as it was done in Ref. [3].

It has been shown in [1] using the theory of Ref. (3] that the attenuation and

the velcity variations in the LiC compxnd can be explained quantitatively by

iptroducing, besides the deformation potentials, two constants labeled K3 and K7 . K3

K? are expected to be roughly proportional respectively to VTS and V; 1 . Then with

the velocity measured, K3 and K7 should be stronger by a factor of 1.3 and 1.8 in the

LiM doped compound. The accuracy is too small on the attenuation curves to see such

a weak factor. But it is clear on the velocity curves that the height of the maximsm

is lower an4 the slope of the docrease, higher for the LiM doped compound than for

the other. Ibis is exactly whet is expected from the theory developed in Ref. [3].

The quantitative comparison is more difficult at higher temperature since there

is no satisfying theory dqvloped up to now to explain the-Arrhenius peak. A simple

way to analyse the results will be to substract from the LiC. curve the convenably

scaled variations for the other compound. But this leads to some rather strange

variations for the extra attenuation around 40 K. Then we think that the introduction

of LiM changes possibly the distribution of the barrier height. This called far a

more careful analysis. Finally we note that the extra attenuation increases very

roughly as the frtquency.
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A NEW' INTERPRETATION OF ULTRASONIC ATTENUATION IN SUPERIONIC CONDUCTORS,

8 AND 8 ##-ALUMINA

D.P. Aluond and A.R. West*

Sohool of Materials Science, University of Bath, Bath, BA2 7AY, United Kingdom

"Department of Chemistry. University of Aberdeen, Aberdeen, ABO 2UE, United
Kingdom

Abstract: Broad asymostrical atteuation peaks have been fond in the
ioni~c73&tors 0 and W'-alumxha wtid2 cannot be exp1alimed by Debye theory.
They am interpreted as being a consqec of a-emtial demy pro-
oesess and amw analysed uing univerl dielectri. rimponin theory.
Additiatkal ieffects assciated with water onst~atiui of the snrle
are discussed.

ibsuamnts of the ultrasonic attenuatioun in a single crystal amle of g-
aluldna~1 ) and a polycrystalline ample of preckud~zatly reU 2 vesi

attenuation peaks at low teqmxratures. ThW peaks ame found to be tberw~lly acti-
Vated and have beow associated with the kqming; of Na4 la iwo site to site in
the ionic oonductors.

Similar activation energies, qf 0. 168 eV for B-alimdza and 0. 142 eV for -
aluia wre obtained from theseasurmnts. These results Yore obtained using

Debye theary, i.e. assuning peaks oba vwere the prodect of anguldr
frequency a and relaation turn T equals one. 7b peaks were found, hover, to i
be aucta broader tins meavted for an Interaction with Sons ibiih all bae the

sim relmtion tim. In the past, brasmd peaks of this type haue been ex-
plalaed by psulativng a distribeton of inlaitios ttm, gj .1. The attenuation.a
MWs then considered to be fmmd Z conatr~bytions oorreepoidizag to all th relaim-
tion tis In th distribution an in equation 1.

a.fgco) yidr (1)

Imm1es oil U aftautio peaks fai -In foaIwd a"dgauepala "

al"an aw pei ##Xnet inre to"neMum n " iew& 4" lb. t
attenuation for an approprate single6 relaxation turn pyoa Is - ndta a dmn
line In esob f igur. Mw peeks an vey similar In sbie aind an' perticularly
auymstrical. a entioally thin neautates pomtnla*ong & broad higm~ asym-.
owtrical distrIbW~ACMC o f ~tW time aodby t~motion at bosom haeift, in
thes mttelcn 9ou a dl~wirm*Ie tDj be yhWiin11y maemim~e it. wy

stalt inS10 lit 0-Gume. 1b thin 1"W110 WAVs an lataft"i
It 1" ath t f t dIn bd c amian in aW Ow I 1 4mj 10I W-ttW i OMN~ ~W&MWMf&f1 9A bora
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respoose of dielectrics.

Fig. 1. Attenution of 240 Wx l1mgtudinsa es in mingle Crystal -amia
(Fig. In) and 55 Wf 103gitumdinal =Vle in polycrystalliae S"-alwina, (Fig. b)

vesu Inverse taierture. Fits of solid lines VIN pWM1W~trB I
as explained in the text.

jonacher(3 ) has sboun that the dielectric loss in solids of ll types cannot
be explained using Iebye theory and jtysically reasonable rlaxation time distribu-
tions. H has .se that the data indicates that the fundanwatal 1Dbye theory
aamution of pure exponntial decay of dielectric perturbations is inva1id. Ths
"universal dielectric zVuqwmee"(> of nater"ils bas been I~ to be a consquence
of nooexpcmentw decay processes. In dielectric solids strCrg WMn-bo* inw-
action betwen electric diqioles caurse zca-eqamutia decay proeses ]Di-
electric lowe peaks are futid to fit ftatimn Of the forM

r()*((euj )+(uez )..3 -1(2)
rethe dielectric low J2 (i.) Is related to the tbkmRinfy activated parweters wi

and &2 the relmation tim T hM no wegolng. Mwe epnets a and (1-n) ame related
to the form of the decay groomw. In 0-4aumba and soswt other lini coductor
tM~g My-tody internatkmn May be i qp ectIad to InflUgnog the decay of perturbat-

tica In ladic ocnoetration. Tb apnwlrate dectrical , - ft of 0-alia has

been dion 4 ) to be wery no Debys-111a and to be fitted by a function of the form
of eq~atcu 2. As bath electrical and mddmudcal relamtics pIiom hae beew

Mo l)to be related to 11i Ica diffuion it Is umstd, that equation 2 wi~t

Psahe in idiconaors.- S solid Jima In 14.& na lb ans fits oC equati~cu
3 bslo to Use dana.

1 /r (~f~ (3)

In thes= *I - al- a'mwp(Abfd~obas bea used with Usn stiiatlaa magic.w ER
=al~ dxf. he otbw a ter mmd J& O fito an ow in the Uves.
Mimare all mIari to *anms ap to, fit the @*1 la datas4 ) *w=a a
detailed 0 6e40MA"1 end nsedeMl emi soatowi In thm
Mnaw"31. ]h this imna the Mly almtiaIonm pow are a con-

14--w; , ' § '
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sequence of the nonimential d9 Of JImic cMetrtiM. MW~ Value of (1-'n)
which controls the fit of the sillow padient in attwaatioi on the low tsapertur'*

Mi. of the peaks is similar to th valaae obtained in an AC onductivity study of
o*-alunna,(5 ). 7his studly shwd 0-*badm to adere to Jai 010 a INSMI M
and to be very non Debye-1±ks. Althogh for a non-eapmential decay T boo no
meaning the Paraneters w01 and 02 are theraniy activated and can be ueed( 4 ) to
obtain actIVa~tion Omargis iA the UMMLI w.y

-Ibs bigt tqpratuar attainatf in 0-abaaina tends to deviate from the fitted
curye. This is believed to be a residual effect of water cOntamination Of the

sl. samples of the too studied here have bewesporsO to contain absorbed
Mter. This appears to Introuce a aW additional contribution to th &ttWnuticm.
The attenation foun before and after aaneaing( 6 ) to remov the water is shoan
in Fig.2. Earlier u~mauts(7 ) wre dominated bV the effset Of wtr and not the
basic diffusion proces. A similar pbzmeon me fouand In the polycrYstalline 0"-

almia aples(2 ).

000

Fig. 2. Attenuation of 2.00 MM laigitxlinal wves An aL s1061 crysta OW36 Of
0-ablons bef ore and after aeling to i bsored vater.
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VIBRATIONAL DYNAMICS OF RbA415 BY RAMAN SPECTROSCOPY

E. Cazanelli, A. Fontana, G. Hariotto and F. Rocca*

Dipartimm nto di Fisica, Univeraitc di Trento a Unitd GNSN-CNR, Trento, ItaZy

lastituto per la Ricei.oa S ientif(.oa e Toanologica, frento, Itaty

Abstract.- We have measured the temperature-dependence of Raman scattering of
superionic RbAg41 5 from 20"K to melting point. We interpret our data in terms

of a vibrational density of states.

The group compounds like MAg4 15 ( M - Rb, K, NH..) are well known for their proper-

ties of ionic conductivity at room temperature. For this reason they have been stu-
died recently and compared with more famous compounds like AgI, Cul, and CuBr which

structure is much more simple but with the "diavantage" to become superionic conduc-
tors at higher temperatures (1-3). The other cause of interest of RbAg415 crystal is
the presence of two phase transitions: the first at 120*K, the second at 208*K. Af-
ter the former transition the RbAg415 crystal iS in ftperionic phase: this transi-

tion is associated to a discontinuity in ionic conductivity O(T) (3). The last tran-
sition takes the crystal to an other phase (yet superionic) and it is associated
with a discontinuity of dO(T)/dT (4).

Both transitions are associated wiph a diseninuity in specific heat. The
208*K phase transition is a second order transition and it has been designated a
disorder-disorder transition because neither the a nor the B-phase can be ordered
(5).

In spite of such transitions the vibrational dynamics measured by Ras" spectro-
scopy does not change significately in these three phases (6,7) (apart from the di-
sappearance at 120ftasnall peak centered at 23 cu -1 among more of thirty peaks (7)
and the appearing of a low quasi-elastic t&il);, while in AgI crystals we have a

strong change in the shape of spectrum, with the appearing of large bands in 8-phase
and a strong quasi-elastic scattering ir superionic phase (8). Finally we have no ef-

fects at 208'K tqIastion. We have accurately measured Reman scattering in RbAg41 5

as a function of temperature from liquid helium temperature to malting point.
Raman spectra were excited by He-Ne 6328 1 laser line with' 5d power on samples.

The low power and defocalised radiation Vert necessary' to avoid pheoftibility ef-

fects. The scattered light is dispersed by a doubts hnater Jobia Ivoa (2200
lines per w); such double monochromator has a vary 1rn r action pf stray light:
this rejection has allowed us to measure Raman spectra 2 cm-1 from laser line. Our
unoriented samples were of pale yellw colour and high optical quality. Thy were

grown from HI solution in g.T.H. in Zurich Laboratory and kindly provided us by Her-

bert Looser.
At liquid helium temperature the spectrum appears with a large number of peaks

which are superimposed mainly in two zones centered at 30 ci"1 and 100 curl respecti-
vely (Fig. I).

The large mmber of peaks is not surprising because the RbAg4I 5 in its Q-phase
has twelve molecules in unit call (3).

The spectrum shape and the peak frequencies do not change with increasing tempe-

1. ~-~ .-- ~ - -
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rature. Essentially we have a progressive broadening of peaks until the spectrum re-
duces to two large bands centered at the same above mentioned frequencies, showing
a low unharmonicity but,too, that vibrational dynamics is not changing. Concurrently,
the integrated Raman intensity between 3 cm' 1 to 13 cm-1 range changes. Such inten-
sity is reported in fig. 2, normalized by the Bose-Einstein population factor. We
note that such low frequency scattering is very low and constant up to about 80K,
then it increases linearly until 30CK through the two phase transitions (T - 120°K,
208°K). Above such temperature it tends to saturate. At the same time the integra-
ted total Raman intensity has no change. In figure 3 we reports IR(T) where

200 cm- 1 I (,T)

IR(T) = n(w,T) +1 d
3 cu-l

where I (w, T) is Reman intensity at w frequency and T temperature, n(w, T)+1
is Bose-Einstein factor. Thus the data show that the total Raman intensity behaves

as first order scattering until melting point. The different behaviour of Raman da-
ta reported by D.A. Gallagher and H. Klein near melting point, can be explained if
we take in account the broadening of peaks centered at 30 cm-l: there is no change
in intensity but a broadening of peaks.

A possible explanation of the noted effects can be obtained if we take into
account the RbAg 4 I 5 structure in its three phase (y, 0, a at increasing tempera-

ture (3) and the high ionic Ag+ conducibility.
The absence of low frequency contribution to the normalized spectral density

for temperatures below 80*K indicates that RbAg4 15 at such temperatures is orde-
red, at least as for as Raman spectroscopy is concerned. Upon increasing temperatu-

I.-

Z

O 50 100 m-)
fig. I : ]bA1 5  Romm spectrum at 22*K. Solid line is experimental datum with 0.5

cm- 1 resolution. The points are the fit with 30 gaussians.
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re, as the remaining spectral

features broaden the low fre- Ii ,
quency controbution starts to
increase. This is an indica- se .,
tion of incipient disorder in

the system. 13
The effect of disordering

will be to break wave vector
conservation rule. Thus the 10 ,

low frequency scattering can
be interpreted as a density of
states contribution from the 1O0 200 300 400 K
acoustic vibrational branches. Fig. 2 Integrad Raman scattering between 3 ca- -

In RbAg4 I5 , such contri- 13 cma- range as a function of temperature.
bution is the only one that can The intensity is normalized by the appropria
be clearly isolated, since the te Bose-Einstein population factor.
remaining part of the spectrum
change smoothly from the super- yaL

position of zone center normal

mode peaks of the ordered sy-
stem to a vibrational density
of states which con hardV be di- I
stinguished from the ordered *.* ,.,* ...*. , ., ,., , , * *
situation, given the large num-
ber of atoms in the unit cell
(120) and the consequent flat-
ness of dispersion curves.
Thus the low frequency scatte-
ring intensity can be used as a I
probe of the progressive disor- 100 200 300 400 K

daring of the RhAg4I5 structure.7 .i
Such local disordering starts Fig. 3 Integrated total Raman scattering as a fun-
in the y phase and continues ction of temperature in the 3 cm"1 - 200in te yphae ad cntiuescm - 1 -range.
through the two following phase
transitions. In this sense IbA&4 15 can be considered to be always disordered, apart
from the law temperature part of phase y (T <80*K), and its Raman spectrum for
T>80"K is best described as a vibrational density of states.

The authors wish to thank prof. M.P. Fontana for valuable suggestion* and dis-
oussions.
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LOW-TEMPERATURE SPECIFIC HEAT ANOMALY OF THE ONE-DIMENSIONAL IONIC

CONDUCTOR HOLLANDITE

H.v. L~hneysen, R.J. Schink, W. Arnold E , H.U. Beyeler, L. Pietronero and
S. Strassler*

2. Physikatieches Inatitut, RVT Aacohen, F.R.G.

BBC-Rasearoh Centre, Baden. Switw'1and

Most amorphous materials contain localized excitations which strongly Influ-

ence their low temperature properties; for example, for temperatures below a few K

the specific heat varies almost linearly with temperature, and the thermal conductiv-

ity is drastically reduced compared to crystalline materials and generally exhibits

a T2 dependence /1/. It is now accepted that these excitations arise from tunnelling

of certain parts of the disordered network between two potential energy minima /2/.
However, the question of the microscopic origin of the tunnelling systems has not

been solved yet. Similar properties have been observed in superionic conductors /3/,

and this seems to be particularly promising in order to elucidate the microscopic

origin of these excitations because in superionic conductors the disorder can be re-
duced to two dimensions or even to one dimension. We have therefore carried out spe-

cific-heat measurements in the one-dimensional superionic conductor hollandite and

we explain its specific heat in terms of a microscopic model.
In hollandite (K2 x"xTi 8sx0I 6 ), the mobile K+ ions reside in a linear periodic poten-

tial which is svbstoichiometrically occupied. The channels containing the K+ ions
do not communicate with neighbouring channels. By analysis of diffuse X-ray scatter-

ing a good descrirtion of the state of order has been obtained /4/. Each channel

contains one site per unit cell along the c-axis and the fractional occupancy of

these sites with K+ ions is equal to x. Very important is the ion-ion interaction
within each channel: It removes the degeneracy of the energies of different config-

urations and causes the equilibrium position of the ions to shift from the local

minim of the backgroand potential. The question is: what are the configurational

states in such a system and how do they contribute to the specific heat /5/? Specif-
ic-heat measurements have been carried out in two samples with x - 0.77 and x a 0.78

at temperatures between 70 NK and 3 K. The measurements were made in a dilution re-
frigerator using samples weighing about 100 mg each, and the results are plotted in
Fig. 1 as a fuction of tmperture. The specific heat first increases rapidly with

temperature and then exhibits a maximm at .8 K for x - .78 and at 1 K x - .77. The

overall behaviour differs markedly from that found In glasses /2/ and in -aluina

or LIN3 /31. Furthevmore, it is very striking that a difference of only 1% in x
causes the specific heat to chang by a factor of four. Such a drastic effect calls

for special attention.
represent address: Fraunhofer-Institut. 6600 SaarbrUcken, FRG
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Let us start the discussion of the specific heat

by defining an array of length n as a series of

n consecutive wells occupied by ions which are

surrounded by empty wells. For sufficiently high 10 7

density of ions (x 2 .75) we can neglect the oc-

currence of two or more empty wells adjacent to:

each other. A configuration is then specified by " /

the set of array lengths [n], e.g. In)= 4;3;3;. .

indicates that we have a vacancy, then four occu- 'i
pied wells, a vacancy, three occupied wells etc. *

It has been shown that the total potential energy KzMgxTs.,O,

of a given configuration including the contribu- • X-O.78

tion of the ionic relaxation in each well due toox.O.?
............................... .I! ,

the Ion-ion interaction can be written in terms oos al
of a spin type Hamiltonian acting only between T (K)

empty sites /4/: Fig.1: Specific heat of hollandite

V =. Cfn'),.a C(n')=Jcntb (7)

Here J and a (c1) are parameters related to the barrier height of the background

potential and to the strength of the ion-ion interaction. The variable a assumes

the value 0 or 1 depending on whether the j-th site is occupied or empty, and n* is

the total number of occupied sites between the sites j and J'. The sum extends to

all pairs of empty sites. With x=.77 and using parameters appropriate to hollandite, /
a contribution to the specific heat TZ 40 K is expected due to transitions of type

...;4;4;... "..,3;5.... The energy difference, between these two configurations

can be estimated from Eq. (1) limiting the interaction to nearest holes /4,6/:

4 C3)+C(5) -2C )=JOtc2c-2t+1) (2)

However, for pairs of configurations that are degenerate with respect to the inter-

action between nearest holes like ... ;3;4;...--2:%.;4;3... the interactions up to

second nearest empty wells must be included. Transitions like ...4;3;4;3;...
... ;4;4;3;3;... might occur which have a characteristic gap4 2 /6/:

,d2 a C(6), C(8) -2C(7) = 3 j (3)

Because Cim .3,2 is about 40 times mailer thandy and gives rise to a specific

heat peak at T = 1-2 K which agrees nicely with the experimental findings.

In order to understand the strong concentration dependence of the specific heat we
need to take a Oloser look at the transitions that give rise to the peak. The prob-
ability of hawing a series of values like the starting configuration of Eq. (3) in
the ground state is maximuim if arrays with n-3 and n-4 appear with equal probabili-

k ___- -- ! -m



C6-195

ty. According to this argument the maximum specific heat is obtained for n - 3.5

(x-<n>/(<cn>l)-.77) whilst it tends to zero for <n>=3(x=.75) and <OD4 (x=.80). For

intermediate values of x a more detailed treatment is necessary, which, in fact,

reproduces the strong variation of the specific heat by a factor of 4 /6/.

Comparing the absolute magnitude between the measured specific heat and the theoret-

ical expected one we find that the theoretical curve is much larger. This is due to

the fact that the system has been treated as an infinitely long chain, while the

actual samples contain a high density of impurities so that the real system is a

collection of separate segments of various lengths. The inclusion of finite chain

length into theory drastically reduces the magnitude of the specific heat and we

recover the experimental value if we assume the average separation between blocking
ions to be about 10 lattice sites.

A further interesting question is how the transition actually occurs. In the model

discussed above a configurational transition can be regarded as the hop of an ion
into an empty site including the relaxation of all other ions. The tunnelling parti-

cle is therefore the Jumping ion accompanied by the other relaxing ions. Taking an

effective barrier of about 0.04 eV between the configurational states /4/ and tak-

ing the formula for relaxation due to tunnelling, we estimate a relaxation timeI

which is at least of the order of seconds at T= 1 K. This value is rather uncertain

owing to the unknown parameters describing the degree of overlap of the wave-

functions needed to calculater. For comparison, the classical relaxation time

(Arrhenius law) at this temperature would be of the order of 103 years.

In sumary, we should like to point out that the low-temperature specific heat ano-

malies of a disordered system have been analyzed in terms of a microscopic model.

Experiment and theory confirm that the disorder due to diffusing and interacting

ions in an otherwise periodic potential can give rise to very low energy excitations

but not to a continuous distribution of excitations. The transition between the

states occurs via tunnelling.
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A THEORETICAL MODEL FOR THE CONTINUOUS ORDER-DISORDER TRANSITION AT

703 K IN SUPERIONIC a-AgI

V. Mazzacurati, G. Ruocco, G. Signorelli, E. Cazzanelli*, A. Fontana and
G. Mariotto

Istituto di Pioioa e Unitd GNSM-CIR, Roma, Italy
Dipartimento di Fiica e Unitd GNSM-CNR, Trento, Italy

Abstract.- We interpret the Raman intensity behaviour and the depolarization
ratio in superionic a-AgI on the basis of a theoretical model.

A great deal of theoretical and experimental work has been devoted to study of
solid electrolytes and especially AgI both ir the superconducting "phase" (a) and in
the normal one (0). Recent experiments (1,21 show that the Raman spec..:u of a-AgI

is essentially characterized by two broad bands, which are assigned to the acoustic
and optical phonon density of states of the crystal respectively. The Ag' ions (4
per unit cell) are randomly distributed and therefore their movements are essential-
ly uncorrelated with I- oscillations (3). Furthermore the polarization ratio of the
Raman spectrum is frequency independent and below 320C has a value Y - VIA,- 1.05.
Ab a matter of fact if a liquid like distribution of Ag+ ions has to be expected,
the depolarization ratio should not, in any case, exceed 0.75: only a model in which
Ag+ ions are distributed randomly in a defined sublattice can in principle explain
this value. An other peculiar result is that increasing the temperature both intensi

ty and depolarization ratio decrease reaching above 430@C respectively a factor 12
less and the value of 0.68. In principle the p - 0.68 value suggest that the disor-
der is increasing, while the decrease in intensity of the disorder allowed Raman
spectrum can be interpreted only by supposing that the overall distribution of the
Ag+ ions is more isotropic.

Following these considerations we will assume a very simple picture for our cry-

stal (using mostly the same approximation adopted by Andreoni and Phillips in their

recent paper (49, in order to attempt an explanation of the experimental data. We

suppose that the Ag* ions can be located essentially

in the d-sites obtained with the aid of a 3 interpene-
trating bcc sublattices (see fig. 1). Around a given
I- we will have therefore 8 1- ions in a bcc lattice I
and 24 d sites that should allocate an average of 4
Ag+ ions. We shall consider hereafter this 24 sites as
constituting the "cage" relative to.the central I-ion
Each cage has 8 neighbouring cages, each having in

common the hexaga al fece evidentiated in Fig. 1.
The disorAsr in polarizabilXity which gives raise

to the Raman spectrum is introduced by deformation of
the symmetric electronic cloud of each I- ion by maes
of a randomly oriented electric field acting on thispoin polrizble hare du to he ccuped ite f Fig. 1 :The cage with the 24

the cage. A given configuration of the Ag+ distribu-
fase is that in cmm

tion in the crystal has a total energy, which is the with the near cage.

77



C6-197

sum of the covalent part of the bonds, the I-Ag Coulomb
attraction, and the I--1- and Ag+-Ag+Coulomb repulsion.
Supposing that both the covalent part and the screening 3 4 5
of the electric field do not depend on the distribution
considered, the only part of this energy that depends on

the configuration is the Ag+-Ag+ repulsion, depending on .78 C, 1.65 C5 2.2

the mutual distances of the Ag
+ distribution. The simplest 

.

form is to assume for the induced polarizability a trace- c .79 C 5

less tensor, which is diagonal in any cartesian frame ha- 2 .70 z 2.99

ving the z axis parallel to the resulting electric field 3 4 C 5

(Etot) 4plied in the central 1- ioa, the components bei- 1.73

nig: 8 (~-~~) where $ is a function of E2t and, 4

in a first approlcimation, 0 a Etot. On the basis of such

hypotheses, we may develops the induced polarizability in Tab. I Energy in eV unit

power series of atomic displacements and then obtain the corresponding to
Raman spectrum by Fourier transforming the correlation the various con-
functions of these derivatives (5). We can write: figurations of N

/> --- . !/, Ag' ions in the

4",t LV Oe a .. Agae

where p,pi' are the I- ions, the polarizability derivatives of which have to be corre-

lated, 1 and 1" are Ag' ions in two cages and 6Xa are a cartesian component of the

relative displacements. Iij is the 90* scattered intensity with incoming radiation
polarized in the i direction and the outcoming radiation polarized in the j direc-

tion. The average has to be taken over all possible distribution of

Ag+ ion in the cages cnterf around ,"'. Assuming complete disorder in the orienta-

tion of the polarizability tensor, so to have only self correlation functions we ha-

ve calculated the average as follows (each configuration has been chosen calculating

repulsive interaction between Ag+ ions). Using the stoichiometric distribution (4 Aft
in a given cage) the lowest configuration &4 has the Ag+ located in a tetrahedral

sublattice and can be realized in 6 different ways. This configuration, being symme-
tric, does not give any anisotropic induced polarizability, and therefore does not

contribute to the disorder induced scattering. The next configuration C4 is 
clearly

asymmetric and can be realized in 24 different ways. All other configurations are
much more distant in the energy scale (see Table 1). For the polarizability deriva-
tives X it must be noticed that we will have in general 2 terms, one

related to the variation of the modulus of the total electric field inducing the ani-

sotropic polarizability and one related to the change in direction of the induced

tensor. The expressions are identical to the two first terms in the polarizability

modulation adopted in the paper of Alben and Burns (6). Of course both term have the

effective charge again as a parameter. While for the change in direction we can pre-
sumably use the same value adopted in the repulsive energy calculation, related to

the Phillips ionicity, we have to use the Szigeti charge in calculating the modula-
tion of the electric field value. This gives in our case a fixed number to the ratio

of the two coefficients limiting the choice of this polarizability expansion. By

means of this number the polarization ratio calculated 
averaging over the 24 C 4 con-

figuration becomes p - 0.68. The basic idea is to consider also cages with only three

or five Ag . Of course, if a cage has 3 Ag+, there must be elsewhere some other with
5 in order to achieve electrical neutrality. If we calculate the distribution of 3

and 5 Ag on the cage we obtain tha 1) the lowest energy configuration Ca and are
widely separated from the C3 and C5 , 2) the sum of the energies of isolated cf *

3 3
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is greater than 2 x C4, but not so much

different. 3) the depolarization ratio
is always p - 1.08 for all the diffe- 1.0
rent realizations of the Co and C con-

figurations, and the same value is ob- A o
1 1tained also for the C3 and C5 . 4) Being

each cage not at the stoichiometric va- A
lue, if two cages with distributions C.
and C0 are close together, there is an

additional attractive term which can be

evaluated. 0.1 A*.

Of course the distribution of nea- 
1

rest neighbour cages influence one 
each

other, so that, as an example at least Fig. 2 The points are the integrated Raman
two cages out of eight around a given intensity. The solid line is the be-
Co must be either Co or Co. Of course haviour of n(T) by experimental da-

the idea of cages out of the stoichio- ta.

metric population does not contraddict
the charge neutrality principle. Simply it q.

states out that the correlation lenght of
Ag+ is greater than the edge of the bcc o e
I- lattice.

At low temperature in the a-phase we .

can assume cage" structure of the crystal
to be essentially that of neighbouring C3
and C configuration. The fraction of Co

and Ci is only a small part, and the par-

tial correlation between C3 and C5 consti-
tute an interconnected path, as if the sy- no no 40 Ttc,

stem is beyond same percolation thereshold. Fig. 3 The points are the experimental
Increasing the temperature the number of data of depolarization ratio p.
C and C (in thermal equilibrium with each The solid line is the fit obtai-
other) becomes more and more important and ned by ij (T).
at a "critical" temperature of 4300C the number of C and C1 will be dominant, so
that no interconnected paths can be found. With this picture we will have of course
a decrease in the Reman intensity, connected to increasing number of C0 which do not
contribute to the scattering process and a progressive decreases of the polarization

ratio from the P C3 C5  value of 1.08 to the P C4 value of 0.68. Our model has as pa-
rameter the fraction of cages C4 , n(T) at every temperature. It is possible, however,
to have such parameter by the Raman intensity behaviour I(T); in such manner the va-
lues of p(T) are determined without any other parameter. Fig. 2 shows I(T) and the

corresponding parameter 1(T), while Fig. 3 shows the experimental P(T) and the value
obtained with our model. The very good agreement gives us confidence in the validity

of the proposed model and we shall try to use it to explain other experimental data,
such as ionic conductivity, specific heat, etc.
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PHONON IMAGING

W. Eiseumenger

Physikalischee Inetitzst der Uni v eiaft Stuttgart, 7000 Stuttgart 80,
Pfaffe, zdri,. 57, F.R.G.

Abstract.- Investigations of phonon propagation and scattering
in solids use either coherent microwave phonons or incoherent
phonons in the form of heat pulses1 generated by current flow
through thin metallic films and bolometer detection, or monochro-
matic incoherent phonons generated and detected with supercon-
ducting tunneling junctions2 . Applying these techniques to a per-
fect single crystal, quantitative measurements require knowledge
on phonon propagation in anisotropic media. In contrast to optic
properties the acoustic propagation in anisotropic media is much
more complicated by the large number of elastic constants. An
additional complication arises if the dispersion of acoustic
phonons is included. Whereas the propagation of coherent phonons
is simply described by the anisotropic constant-energy surfaces
in q-space, the propagation of incoherent phonons (generated by
a point source) is determined by the distribution of group veloc-
ities. These distributions were first calculated by Taylor, Ma-
ris and Elbaum with the result that specific propagation direc-
tions and modes show strong and sharply peaked intensity maxima.
This phenomenon was called *phonon focussing". In later work al-
so names as phonon channeling, phonon caustics etc. have been
used. The pronounced sharpness of these distributions with strong
intensity changes within angles of 1 degree raised strong experi-
mental and theoretical interest for a more complete spacial de-
scription, or for imaging the phonon distributions. First, three-
dimensional directivity patterns were obtained by computer anal-
ysis4 . More r cently, direct measurements of phonon intensity
distributions and, f %r instance, measugments with computer-
aided spacial display of the phonon itenity have led to im-
pressive phonon images on crystal surfaces. Alternatively, it is
also possible to obtain direct phonon images 7, observing the
thickness increase of a superfluid 4He-film on the crystal sur-
face by the fountain effect in regions of high phonon intensity.
In this lecture the fundamentals of phonon focussing and phonon
imaging techniques will be reviewed.

1. I ntroduction.- Phonon transport in solids by heat conduction is

well-known as a quasi-equilibrium situation in which local thermal

equilibrium is established by NormNl and Umklapp processes. The heat

flow vector is related to the temperature gradient by a second rank

tensor equation, resulting in isotropic heat conduction fox cubic

crystals. At low temperatures phonon scattering by Normal and Uklapp.

processes becomes negligibly small, resulting in nomlibrim phonon

transport by ballistic-aaousti. propagation. Stress and strain in the
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acoustic waves are related by a 4th rank tensor which can be reduced
to a 6 by 6 second rank tensor, resulting in 21 independent elastic co-

efficients for crystals of lowest symmetry. Cubic symmetry requires on-
ly three independent elastic coefficients still with a strongly aniso-
tropic angular dependence of sound velocities for all three phonon

modes. The angular dependence of sound velocity in general leads to
very characteristic angular intensity variations and even singularities

if phonons are excited incoherently by a point-like source. This phe-
nomenon is called phonon focussing and is experimentally observed in
all phonon propagation experiments using heater /bolometer configura-

tions for phonon generation and detection. The same holds for phonon
experiments with superconducting tunneling junctions or point-like pho-

non generation by optical excitation.

2. Nonequilibriuma Ballistic Phonon Transport.- The first ballistic pho-
non pulse experiment was performed by Nethercot and von Gutfeld . In
this experiment, Fig. 1, phonons were pulse-excited at one surface of

Fig. I Heat pulse method.
Top: c-sapphire crystal with phonon

geneatorand detector.
Bottom: Detected phonon pulse sig-

nals at 1.2 K.
From right to left: Electric coup-
ling signal, longitudinal phononN M signal, transverse phonon signal.
After R.J. von Gutfeld and A.H.
Nethercot, Ref. 1

a c-cut sapphire by an evaporated metal heater and detected by a super-

conducting bolometer at the opposing surface. The observed signals show
the expected acoustic times of flight, however, the signal amplitude
ratio between transverse (degenerate) and longitudinal phonons by pho-
non density of states arguments should be much larger than found in the

experiment. Similar unexpected results for signal amplitude ratios are

observed in phonon pulse experiments with superconducting tunneling

junctions2 . Zn principle, this could be explained by node-dependent
phonon scattering or -attenuation during propagation. But changing the

propagatioe distaaoe should influence these ratios. This, however, was
not observed; instead the signal amplitude ratios were found to be
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strongly dependent on the propagation direction within the crystal. The

experimental findings were properly explained as "phonon focussing";
i.e. a strong angular dependence of ballistic phonon intensities caused

by crystal anisotropy; in the now classical work of Taylor, Maria.;aund

Elbaum3 . Phonon focussing later has also been named phonon - channeling,

- caustics, - catastrophe. Phonon focussing can be explained by the

nonspherical phonon momentum surface at constant frequency, w(q) -const.
for different phonon modes. Fig. 2 shows a section of this surface for
the slow transverse, ST-mode in silicon. Since energy propagation, ac-

qlO0!a P4 F Phonon focusing is shown

VU damass to b caused by many q-states con-
tributing to one group velocity
from areas of the slowness surface
w(q) - const. vith small curvature.

W Example: 100 ST-mode-cross section
C - f~ca for cubic crystals.

cording to the group velocity Vgr rq is normal to the W(q) a const.

surface, it is evident that for regions with zero curvature (Gaussian

curvature) a large number of q-states contributes to phonons with the !
same group velocity. Assuming equilibrium phonon occupation for all q-

states, this results in high incoherent ballistic phonon intensities,

Fig. 3 Cglculatedphonon intensity

IM rafes for G* After F. Mach anX
0. Weis, Ref. 4.
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i.e. "phonon focussing" in the corresponding direction. In contrast,

regions of strong curvature lead to phonon "defocussingm. The w(q) =

const. surface is called 'slowness surface", since the phase velocity

is small for large phonon momentum q. Based on the work of Taylor, Ma-

ris and Elbaum3 , Mach and Weis4 performed computer calculations of

the directivity pattern of phonon intensities caused by phonon focusing

for several crystal systems. One example is shown for Ge in Pig. 3, by

which the surprisingly high intensities for different modes and direc-

tions are visualized. Especially for fast transverse FT-modes and slow

transverse ST-modes sharp focussing plains and also cusp structures are

obtained.

3. Experiments on Directivity Patterns of Ballistic Phonon Propagation

and Imaging of Phonon Intensity Distributions.- Stimulated by phonon

intensity measurements in pulse experiments and the phonon wind influ-
ence on the dynamics of electron-hole droplets in semiconductors, re-
cent experimental activity for investigating phonon focussing was
forced. Indirect evidence for phonon focussing was found in phonon re-
flection and back-scattering experiments by Marx et al8 and by Taborek

and Goodstein 9 . First direct measurements of the angular intensity dis-
tribution of. ballistic phonons propagating in Ge were performed by

Hensel and Dynes 5 , as shown in Fig. 4. Phonons were excited by a pulse

I wpm Fig. 4 Angle dependence of the pho-

non focusing in the (iTO) plane of Ge
for LA, FT and ST-modes. Insert: Ex-

*a perimental arrangement. After. J.C.
Hensel and R.C. Dynes, Ref. 5.1 0

1*

LA (so

laser beam, moving the hot spot by crystal rotation. Different phonon

modes were detected by one superconducting hlbrloter. The extrmely

high peaks for FT and ST modes, predicted by thbory, could be clearly

observed. The technique of moving the generator spot avoids the neces-

sity for an array of detector bolometers.

Northrop and Wolfe6 were able to "image" the angular phonon intensity
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distributions in two dimensions by computer-aided visualization. Instead
of crystal rotation, the movement of the laser excitation spot was
achieved by x-y scanning with the help of two galvanometer mirrors. For
detection, again one fixed bolometer was used. Selection of different
modes is possible by delay-time-controlled signal-sampling. The very
impressing phonon image, Fig. 5, obtained for Ge is equivalent to a

Fig. Phonon focusing image for a
Icm-Ge crystal, obtained by com-
puter-aided image construction,
using bolometer heat pulse de-
tection. Phonon pulse generation
was performed with a pulsed laser
and x-y scanning of the laser focus
on the crystal surface. After G.
Northrop and J. Wolfe, Ref. 6.

fixed phonon excitation point and a movable detector or an array of
many detectors. This image is in full agreement with calculations

3'4 5'6,

see also Fig. 3. The extremely high accuracy and angular resolution of

less than 1 degree is demonstrated in Fig. 6 for a larger Ge-crystal,

Fi 6 High resolution (O04° ) pho-

a~khe1,00-1, ius of b.. right

iasgp 0oilitrutiofl & After 0 " North-
A , op and J.P. Wolfe, Pf. 6

- .|

showing the 100 phonon di6 rkmje -f Go " 9#t L1u VOLON der ,

monstrated these very comp"leMtutsred_ a*4*. I i. hye1me t wh

theory.

A different technique7 of visualizing angular phonon distributions
makes use of the fountain pressure in the superfluid 4He-film covering

- TL~ - .. -
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the crystal surface. The experimental arrangement is shown in Fig. 7,

Fig. 7 Experimental ar-
rangement for directly

- imaging phonon focusing
flash-U4 z / ca ea by the fountain prIssure

f~ash-Iii / ,in the superfluid He-
' x &e-tim 'film, covering the crys-

/tal sample. After W. Bi-
senmenger, Ref. 7.

superfL 41 at t.5K. Si-crystW. heatr. crytat -woli

the silicon crystal being partly immerted in liquid helium below the

X point. Phonons are generated by a small area heater at the crystal

backside. When the heater is operated, phonons are propagating along

the focusing direction and absorbed in the superfluid film covering the

upper crystal surface. In these areas the emperature is raised by appr.

10- K, leading to an increase of the se-film thickness by the fountain

pressure. This kind of image conversion calf be used to Obtain directly

visible phonon distribution patterns. The crystal surface is intention-

ally contaminated by condensed air or lampblack, increasing the optical

contrast and enhancing the critical film flow velocity which sets an

upper limit for film thickening by the fountain pressure, since in re-

gions of increased film thickness evaporated helium must be replenished

by superfluid film flow. The phonon distribution photographed for a 111

silicon crystal is shown in Fig. 8, revealing the threefold symmetry

Phonon focusing
the ,surfac'e of

(ill -Si-crystal. After

and the phonon focusing structures expected from theory, c.f. Fig. 3.

Corresponding pictures have been obtained for Ge crystals and it was

also possible to photograph these distributions under vertical direc-

tion. An easy comparison with theory is possible by computer calcula-

V .- - I ' ', ..
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tion of the surface phonon distribution for the crystals used by a Mon-
te-Carlo-Method 10. The corresponding result for silicon 111 is shown in

Fig. 9.

Fig. 9 Monte-Carlo simulation of
the phonon focusing image in Fig. 9.
After D. Marx, Ref. 10.

4. Conclusions.- Phonon imaging demonstrates the strongly anisotropic
angular distributions of phonon intensities in nonequilibriwm ballistic

propagation, well in accord with theory and based on classical elastic
theory now elaborated in detail by computer calculations. These find-
ings are very important for absolute phonon intensity and propagation
measurements which are evidently strongly influenced by phonon focusing
in all crystals even in those which show little deviation from a spheri-

cal slowness surface, such as e.g. sapphire. The same applies to quanti-
tative phonon reflection and scattering experiments and studies as to
how phonon focusing images change under the influence of frequency dis- If
persion 11 at high frequencies. Phonon imaging may also be applied for
investigations of impurity, isotope and on general imperfection scat-
tering, leading to smeared-out images. Therefore, phonon imaging ap-
pears as an important experimental tool in nonequilibrium ballistic

phonon physics.
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FOCUSING OF DISPERSIVE PHONONS IN Ge

G.A. Northrop, W. Dietache, A.D. Zdetsis and J.P. Wolfe

Physics Department and Materials Research Laboratory, University of Illinois,

Urbana, IL. 61801, U.S.A.

Abstract.-Singularities in the phonon flux are observed and calculated for
dispersive phonons in Ge.

The intensity of ballistic heat pulse propagation is highly anisotropic for

most crystals, an effect known as phonon-focusing. Phonon focusing has been

studied in many materials, both with fixed source and detector, and more recently

with lasers as movable heat-pulse sources.
1 '2 A quantitative explanation 3

originally offered by Marns was based on calculating an enhancement 
factor,

A - jdQ k/dP 4I, the ratio of t-space to V-space solid angles. This factor describes

how the phonon flux is increased or decreased over the isotropic case. The locus

of points df = 0 forms lines that mark directions of peak phonon flux.

These singularity lines have been observed by scanning a pulsed laser as a

heat source over one surface of a crystal and recording, as a continuous function A
of propagation direction, the heat pulse intensity received by a fixed detector on

the opposite face.
2 

This technique, known as ballistic phonon imaging, was used to

produce the picture in Fig. la for Ge. Here, X-Y position on the sample face

corresponds to a range of propagation directions, and brightness is proportional to

phonon intensity. The bright lines bounding light areas are singularity lines, in

good agreement with the theoretically predicted singularity lines in Fig. 2.

Flg.l: Al detector (lov-v) phonon image. Pb-O-Pb detector (high-v) phonon image.

_ - ----------------
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In this paper we extend these experimental and theoretical results to

include the effects of velocity dispersion which occur at higher phonon

frequencies. To observe the effects of dispersion on the singularity directions in

Ge, two modifications have been made to our phonon imaging technique: 21) A thin

sample (0.5 mm) and greater time resolution (60 ns) are used to offset the smaller

mean-free-path of larger-k phonons. 2) A tunnel-junction (Pb-O-Pb) detector is used

to detect phonons with v > 700 GHz. An Al bolometer is used for detection of low-v

phonons.

Comparison of the two images for these two detectors, Fig. la and Fig. lb,

reveals three major differences: 1) The wedge shaped ridges (PTA mode) extending

horizontally and vertically from th. -wo diamond shapes are wider in the high

frequency image than in the low frequency -Nage. 2) The two diamond structures

(STA mode) about the <100> directions in the low frequency Image are noticeably

rounded at higher frequencies. 3) The sharp, three-fold symmetric pattern (STA

mode) to the left and right of center in Fig. la has disappeared in Fig. lb.

011] [oil]

[ill fit]f ~

cool]'

Fia.2± Zero frequency singularities. Fig.3 PTA mode frequency dependence.
In the mon-dispersive phonon-focusing theory an area (solid angle) in

t-space transformed or stapped into an area (solid angle) In f-space. This was

independent on ItI and 11was fixed for each direction of t. In the dispersive

ae" thinse restrict ias are remasv4-ad a *ore general formulation Is required.
Thus we define the dispersive enhancement factor A3 IdA.4i43 I. This is the ratio

of am Infinitesimal volum to f-space to its correspondlog volume In I-space. By

analogy to the ,o-Iapet *da" -siaialatitiee Will 441112 when dA, -, e,'nd. #me

to S11101 lmereesg mmbo skf dimamas, the lofts of almgularities will ftWfs
U toseee am #-spec. -1111 Our fperimmnt*. sottuy these surfaea by meetima

otb at a MWns frequency.

The 64""taties of AS to asd upon a **&A - of the full Ve"11ai-o

phao omon hea structure for Ce. Thi s tended boyVa &Wes schem perametesises
the lattice dynmiJCS Wit% f0 ore Coata .16ta, to flaw"Wszea
neighlior interactions. With thes constant, adjusted'to f It inelsetit ne'Iutron

spectra the model provides w(t) for all modes end any value of
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Fig.4: STA node at 800 G1z. Expected STA pattern at 1500 GRz.

Since 4(t) - Vk wit), and A3 is the Jacobian of this function, A3 includes

second derivatives of w(t), and is here determined by finite difference methods. A

two dimensional root-finding routine then finds lines for which w - constant and

A1 = 0. These lines are projected in 4-space into the experimental geometry.

These calculations have been done for both transverse modes for frequencies between

700 and 1600 Glz. The results for two frequencies are shown in Figs. 3 and 4.

The broadening of the PTA ridge singularities with increasing frequency can

he seen in Fig. 3. The experimental Pb-O-Pb data agrees well with the prediction
for v z 800 GCz. The change of the STA singularity pattern is more complex, as

shown in Fig. 4a. Note the rounding of the corners of the diamond structure as

observed in Fig. lb. The three-fold pattern about the <111> direction in Fig. 4a

has changed little, thua its absence from Fig. lb must be due to reasons other than

phonon-focusims. Pig. 4b is the 4-space (STA) pattern expected at 1500 Gz.

In stimary, we have observed shifts due to dispersion in the phonon-

focusing singularity patterns In Ga. These shifts agree with predictions

obtained from a model of the full lattice dynamics in Ge.
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im-SO-20150.
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SINGULAR EFFECTS IN PHONON FOCUSING ; FORMATION OF PHONON FOCUSING

CAUSTICS

J.C. Hensel, R.C. Dynes, F.C. Unterwald and A.L. Simons

BelZ Laboratoriee, Murray Hilt, Iew Jersey 079?4, U.S.A.

Abstract - We have conducted a comprehensive investigation into singular
effects in phonon focusing. Heasured focusing angular distributions and
networks of caustics are in excellent agreement with theory.

Phonon focusing is the tendency of the flux of phonons emanating from a local-

ized source to concentrate, owing to elastic anisotropy, along certain directions in

a crystal. This phenomenon has been recognized for some time. Only recently, how-

ever, we found 2 that there are certain cases where the phonon intensity becomes

extremely intense, almost singular in nature. This paper gives a brief account of

these investigations.

The origin of focusing can be visualized by referring to the slowness surface

w(q) - w [w(q) and q being, respectively, the frequency and wavevector of the

phononi shown in Fig. 1. The highly convoluted shape is responsible for a plethora

of focusing structure. The directionality of the phonon flux is defined by the

group velocity 8 V q q(q), a vector normal to the surface. This fact implies that

focusing can be identified with a certain Seo-

metry property of the surface, namely the

Gaussian curvature K, the product KIK2 of the

two principal curvatures of the surface. The

relationship Is A7 - q K/co@6. where A is the

focusing enhencesent factor and 6 Is the angle

between q and v A becomes large where curve-

ture is small. Indeed, when K - 0, as indica-

ted In Fig. 1 by heavy solid curves called

critical lines, there occur singularities in

focasing.

The experiments consisted of angular Fig. 1. T2 slowness surface.

scans with the geometries shown in Fig. 2. A

small ballistic phonon source (% 50 jis diam. laser spot) and small detector (80

x so m 2 bolometer) yielded an angular resolution of - 25 minutes of arc.

An angular distribution of phonon intensity in the (110) plane of Ge, obtained

with the setup In Fig. 2a, is shown in FIg. 3. Its most prominent features are

A' l7 ~ . -- _

KNEW
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strong, sharply defined beams of focused phonons cen-
tered on the [1001, (1111, and [1101 axes. This drama-

4 8em tic structure is typical of transverse phonons; for

SLU longitudinal phonons whose slowness surface is more

V% : -- nearly spherical the behavior is relatively gentle (see,

%4 e.g., Fig. 4). These beaus manifest a fine structure

(b) seen as spikes, which derive from critical points

WTAL F" (where K - 0) on the slowness surface.

A calculation of the focusing in the (110) plane

of Ge is given in Fig. 4. (The units scale directly

with the data in Fig. 3.) Effects of detector geometry

are included in the calculation; the solid curves are

for the present geometry, whereas the dotted curves

Fig. 2. Experimental represent a larger bolometer used in earlier work.
2

geometry. One sees excellent agreement between calculation and

data.

Further insight into the nature of focusing is provided by the caustics, 2-

dimensional plots of the loci of the focusing peaks. A remarkable example is the
3

(100) pattern in Fig. 5 obtained with the scanning scheme in Fig. 2b. One sees an

intricate pattern exhibiting overall the 4-fold syetry of the [1001 axis. Both

possible topological classes of phonon caustics are exemplified in Fig. 5. The

I eT

Fig. 3 Agular distribution: Fig. 4. Angular distrutims:
mporinmatal theor7.

CI ,& ,, .*." - .

!A
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Fig. 5. (100) caustics: experimental. Fig. 6. (100) caustics: theory.

curves are fold caustics; but careful examination also reveals 8 cusps, 2 at each

corner of the inner square.

The caustics are generated by mapping the critical lines in Fig. I onto the

plane of observation via the vector v . Results for the (100) plane are shown in

Fig. 6 replicating the experimental data in Fig. 5. The cusps occur whenever the

eigenvector corresponding to the nonvanishing principal curvature i 2 on a critical

line rotates and becomes tangential to the critical line. Points satisfying this

criterion are marked by small circles in Fig. I which map precisely onto the tips

of the cusps (small circles) in Fig. 6.

To stmnarize, we have carried out a comprehensive study of phonon focusing

which reveals sharp singularities arranged in characteristic configurations called

caustics. Theory matches the data very closely with no more input than the known

elastic constants.

It is a pleasure to acknowledge nmerous valuable conversations with M. Lax.
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PHONON FOCUSING AND THE SHAPE OF THE RAY SURFACE IN CUBIC CRYSTALS

A.G. Every

Department of Physics, Unive ,ity of the Witwatersrand, Joha~nmebug, South
Africa

Abstract.

A systematic study has been carried out on the dependence of the phonon ray
surface of cubic crystals on elastic constants. The correspondence between
folds in this surface and the presence of caustics in the flux of phonons
emanating from a localised heat source is explored. The line, cusp,
butterfly and hyperbolic umbilic elementary catastrophes as well as some
remarkable types of structural instability are shown to occur in these
caustics. A method is demonstrated for portraying the ray surface which
provides an immediate indication of the number of separate components a
ballistic heat pulse will split up into on propagating in various
directions, and what the relative intensities and the spacings of these
components will be.

I. Introduction.- In the long wavelength limit continuum elasticity theory can be

used for calculating acoustic phonon phase and group velocities /1,2/. The infor-

mation thus gained is conveniently displayed in the form of velocity (v), slowness

(S) and ray (V) surfaces /3/. The ray surface is of central importance in phonon

imaging /4-6/, in that it maps out the profile of a ballistic heat pulse one unit of

time after it has emanated from a point source at the origin. This surface is

commonly studied in conjunction with S. The two are polar reciprocals of each

other and the ray vector for a phonon is normal to S. Moreover, phonon flux is

inversely proportioned to the curvature of S / 7 /. Contours of zero Gaussian

curvature (parabolic lines) in S give rise to folds in V and divergent phonon flux.

At conical points the curvature of S is infinite. Such points map onto circles in

V at which the two transverse sheets join up smoothly and the phonou intensity is

zero. The folds in V form complex patterns which are a function of the crystalline

anisotropy.

2. Cubic crystals.- The folding pattern here is determined by the elastic constant

ratios a - Cii/C, and b - Cii/C4.. For stability a crystal has to lie in the

wedge shaped area between the lines a - -2b and a - b in the (ab) plane. This

area my be subdivided into a limited amber of regions in each of which V possess-

es certain distinct topological features. Por instance, between the lines b - I

and 6(a-bs.)(b41)-3(a-b-2) 2(b.l)-(a-b.1)(-b-2)(Sa+13b+5) - 0, the folding patt-

ern shown in fig. lb holds for the slow transverse (?I) sheet of V. Fig. Is shows

the location of parabolic lines an S that p onto these folds. These lines sep-

arate regics of S wbich are come% (both pticipal curvature "Sitive), saddle

shaped (one curvature negative) and concave (both curvatures negative).

-l'
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toohai

Fig. 1: Correspondence between (a) parabolic lines in S and (b) folds in V for
slow transverse (TI) phonons. Tcdiagrams are limired to the vicinity of the
irreducible sector of the unit sphere lying within the f0o11, [101) and 1111]
directions.

Fi&.2: Phonon enhancement nap forT

9 ""_7 S4.7 phonons in CsCf. The points represent
SO 57 30roup velocity directions for a uniform

-. distribution of wave normals on
average O.5* apart.

it is noteworthy that the parabolic lines which meet at the conical point are res-

ponsibl* for part of a fold edge which weaves back and forth between the Ti. and fast

transverse T2 sheots of V, meeting the conical circle tangentially where it makes

the crossing. The integrated intensity across the caustic diminishes as the caus-

tic approaches the conical circle, a can be seen in fig. 2.
The symbol is used to indicate the direction of the vanishing principal curve-4

ture. Iber, this is parallel to the parabolic line a cusp appears in the folding

line of V /$/,except at conical points where the aforementioned effect takes place.

For certain values of the elastic constants 8 fold lines in the Ti sheet of V

converge to a point in the <100> directions. Thia represents a structurally unst-
able situation which results from the degeneracy of the Tj and T2 modes in these

directions. on varying the elastic constants some of the higher elementary cat-

astropso are exhibited. A comtiguration of 3 cusps which coalesce into a single

one in conformity with the butterfly catastrophe can be observed in the cube pla"
near the <100> directionis. The cusp then ake. contact with a neighbouring fold
line to give rise to the hyperbolic umilic catastrophe.

Fit. 3 show the pattegm of fLAd limes is V that obtains, for tIW T1 sheet whn the

anisotropy liep. betwom the two limes a(albs)Zb) 2 1 -0, and

(&-M~b)+&-b-)(b+)J' 0.
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Fig.3: A folding pattern for the T sheet
of V. .. lo

0 4 5
a K.C' 0O s .

Fig. 4: A polar section of the full ray surface of Ge for * - 45% The mode
points denote ray vectors which lie within 0.5' of this plane.

Fig. 4 shows a * - 450 polar section of the full ray surface of Ge, a crystal which

satisfies the above criterion. Sectioned fold edges appear as cusps in this dia-

gram, and arrows indicate the position of the conical circle. Diagrams of this

type, by the location and density of mode points, g~ve an imediate indication of

how a ballistic heat pulse can be expected to split up into components for propag-

ation in various directions.
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TRANSPORT OF HIGH ENERGY PHONONS

V. Narayanamrti

Bell Laboratori.es, Mtray Hill, New Jersey 07974, U.S.A.

Abstract.- A brief review of high frequency phonon transport experiments in
dielectric solids is presented. A major emphasis of this paper is on recent
time of flight experiments on the generation and propagation of near zone-edge
transverse acoustic phonon pulses in III-V semiconductors such as GaAs. The
theoretical status of lifetimes of high frequency phonons is also discussed.

Introduction.- In recent years several experimental methods have been applied to
study the transport of phonons in the thermal frequency range. Among methods
which have been used include: broad band heat pulse1 methods' quaeimonochromatic
phono. generation and detection using supercoudgcting tunnel junctions 2 ; far infra
red laser excitation of piezoelectric materials ; resonant detection using electronic

%energ states of defects4 in crystals which can in some cases be tuned by magnetic
field3 or uniazail stress6 ; and phonon generation during hot carrier relaxation sad

4 , recombination in semiconductors 7 .
The heat pulse and tunnel junction methods and results obtained from them have

been extensively reviewed in the past '. In this paper we will concentrate mainly
on energy transport by very high frequency phonons (nor or above 1 THz) as studied
by optical techniques using electronic states (A1203: Cr or SrF2: E&+) as probes
or phonon generation during carrier relaxation in semiconductors.

Phonon Spectroscopy In Ruby.- Extensive work8 '4 has been done on phonon transport
using monochromatic detection of 29 cm- 1 (0.87 T~z) phonol in ruby. The frequency
of 0.87 THI corresponds to the 1 2A splitting of the Cr ion in ruby. Broad band
optical pumping causes the vell-known
1 and 12 fluorescence radiation to be -.

emitted (see Figure 1). Phonons
generated by external mans anm cause
an increase in the 21 population which
in turn can be monitored through the
intensity of the 12 line. This ---.
technique has bees extensively8 used to
study the spectrum of heat puls! phonons;
the remonsat trapping of 29 am - phonons;
and the spectrum of optically excited
phonons. Usin resonant light pumping
stimulated maission9 of 29 cW-l pho nos
ha also been observed. V.* 1 - Energy levels of Ruby and

experimental arrmangmnt.

.heos tectim ggias Vib onic b kaa.- The technique of vibronic sideband
epodtoe-copy tlso the mdulation of the electr nic states of ions in crystals
by phosons. Figure 2 shows the efect on the electronic ensg due to the lattice
coupling as a fution of the lattice coordinate, Q. Sidee.optical teras tione
occur at consta Q a large stokes shift can tafe place in the lamineae spectrum.
Depending on the coupling strength and the temperature the misslon spectrum cam
consist of a 'see phonam' Lim plus "stokes" and "mtit-todkes" sidewunds. Th
Intensity of the ati-stokes sidebd cam be ued for pboace detetion. Comaider-
able work on phomon transport has been don almon te lines using the 03 cewntr in

4.k
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diamond1 0 , the 11 line'1 in CdS and E+ ionsl2 in SrF2.

VORO "M TMES Fig. 2 -Principle of
Vibronic Sideband
Phonon Detection.

, G Q FREQUEWY 9

A survey of the results on the lifetime of high frequency phonons determined
by these optical techniques has been recently given by Bron1 3 . In almost all cases
the lifetimes determined by these optical techniques are an average over all modes
and direction. This is because of elastic scattering at the impurities which causes
rapid mode conversion between the longitudinal (L) and transverse (T) phonons.
Because of the expected long lifetime of T phonons the anharmonic decay is dominated
by that of the decay rate of L phonons. The measured values are generally much
longer than that calculated for an ideal dispersionless solid. We will return to
this point later. We, however, will first discuss the propagation of very large
wave vector T phonons in GaAs and then, turn to the theoretical situation.

Phonon Transport in Semiconductors.- We now discuss the role of phonons in nonradia-
tive energy relaxation and recombination processes in semiconductors. Electrons
excited high into the conduction band lose their energy to the lattice in a two
step process. See Figure 3. The electrons first "cool" to the bottom of the band
by emitting relaxation phonons which are primarily longitudinal optic (LO) phonons
in the case of polar seiconductors such as GaAs and for excitation energies several

meV above the conduction band minimum.
Carriers at the bottom of the band can
lose their energy through recombine-

now" tion processes at defect states in
the semiconductor. In the case ofj A m~~s deep defects the recombination will

involve a large number of phonons in
order to satisfy energy conservation.

- Such multiphonon capture is believed
to involve mainly LO phonons and/or
near son-ade transverse phonons in
certain specialized cases.

Fig. 3- Energy Relaxation In ;
Semiconductors. Pat

Figure 4 shows som results on 1A
phonca generation7 after photoexcita- 6 1A

tion in GaAs. A tunable, pulsed dye
laser capable of operating at wave-
langth& above the bad gep of GaAs
vm used for the photoexcitation.
The phoma detector us a Pb-ox1de- . .Pb coreaductig tuma" junction I - - Se

volh sthrasboU in freque of t [1
about 0.7 Tft. In most diretios ofpcepesation, wbich could be varied in 4 - lion G eration in Gaks.sita Is the esuparlmt, besides the

i . . .
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direct optical luminescent pickup at t - 0 a single broad transverse pulse was
observed. The arrival time of the leading edge, half height and peak of the pulse
was shown to scale linearly with the propagation distance for distances of the order
of m. Detailed studies of the shape of the pulse showed that it could be described
as consisting of ballistic propagation of phonons but with a considerable spread in
velocity. The velocity corresponding to the peak of the pulse was for exa-le
I,. 0.7x105 cm/sec for the [1111 direction of propagation. The low frequency ballis-
tic velocity in this direction is, however, 2.8x105 cm/sec.

These data can be interpreted from a knowledge of the phonon dispersion curves.
For GaAs such a curve is shown in Figure 5. Optically excited e-h pairs lose a
substantial portion of their energy by the emission of LO phonons. These phonons
in turn quickly decay (in times of the order of 10-11 sec) into lower lying LA and
TA branches. Because the decay processes require the simultaneous conservation of
energy and momentum most of the energy ends up in the lowest TA branch. These
ultrashort wavelength phonons (wavelength 10 Angstrois) correspond to phonons

UMRAW A l well out into the Brillouin zone of
m sa the crystal and have a group velocity

- - much less than the low frequency
* ultrasonic velocity. The cross-hatch-

9 Aed area shows the regime of supercon-
1 ducting tunnel junction phonon
A FiE. 5 - Phonon spectroscopy.

Dsperion These experiments show that

Dispersion nonradiative recombination in semi-
Curves conductors occurs through large wave
in GaAs. vector phonons, some of whom are able

Ito propagate macroscopic distances
(It, am) through the semiconductor. The

aproperties of such ultrashort wave-
length phonons are quite different
from that of low frequency ones which
correspond to continuum elasticity

a OA s Is theory. Because of the great deal of
"m ww tp^ ) dispersion in phonon velocity at

short wavelengths and the observed long men free path, time resolved spectroscopy
has been used to velocity select phonons 1 4 of different wavelengths. This velocity
selection is achieved by scanning the photoexcited region along the direction of
phonon propagation at various velocities corresponding to different dispersive
points on the phonon branch. See Figure 6. This figure shows typical pulses for

three different scanning velocities.

The peak of the pulse now corresponds
to a well defined wavelength which can
be conveniently tuned by simply

* , o altering the laser scaning speed.
. Such a tunable pbonon source is of

" great potential use for physical
studies of solids and for phonon
optics.

0.-NUB

U

F - Velocity Selection of
Large Wave Vector

U Phonons in Gahs.

one apen urn
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Theoretical Considerations.- In perfect dielectric crystals the lifetime for anhar-
sonic decay is determined by energy-momentum conservation conditionsI5. These
considerationsI6 show that for both normal (N) and Umklapp (U) processes the lowest
transverse acoustic branch cannot spontaneously decay by anharmonic processes for
any order. The phase space for decay for higher branches in crystals with anisotropy
and dispersion has to be calculated from the 2-phonon density of states for the
particular solid in question. Barring extreme anisotropy in most solids this phase
space, for even the higher transverse branches, is expected to be small. Thus the
main decay -hannel is expected to be the spontaneous decay of L phonons.

The momentum randomization of the transverse phonons will in ordinary crystals
be affected by isotope and/or impurity scattering. Even the isotope scattering has
to be calculatedl6 , 17 with care for diatomic crystals such as GaAs which have one
element (As) isotopically pure. The isotope scattering is now strongly dependent
on the amplitude (U) of vibration of the impure element (Ga) which in turn strongly
depends on wavelength. This scattering goes as IUGaL2 times a weighted densfy of
final states which also depends on the Ga amplitude. Numerical computations using
the real vibrational spectrum of GaAs indicate that this product can be considerably
smaller than that calculated from the usual Klemen's formula valid for the monoatomic
case.

The above theoretical considerations combined with the experimental results
strongly suggest that in many crystals energy transport can occur via extremely short
wavelength phonons whose energy relaxation time can, in favorable cases, be micro-
seconds long. Thus "broad diffusive" pulses often observed in heat pulse type
experiments may consist mainly of high frequency components which can play an impor-
tant role in energy transport. These high frequency phonons, then, will only down
convert in frequency at Imperfect interfaces (surfaces) or through decay of L modes
generated through impurity scattering.

Future Directions.- It is clear that much has been learned about the lifetimes and
energy transport by high frequency phonons in several dielectric solids and semi-
conductors. Much, however, still needs to be done on both the experimental and
theoretical sides of the problems of anharmonic decay, impurity scattering and the
role of surfaces and interfaces. In sit exploration of phonon transport by
generally applicable scattering techniques would be of great value. Non equilibrium
phonon populations can in principle be probed by enhanced thermal diffuse scattering A
of X-rays. Preliminary experiments1 8 in GaAs, reveal that optically excited phonons
near the zone-boundary indeed have a long lifetime when measured by this technique
and that their decay is enhanced by imperfect surfaces. This technique is capable
of probing the temporal, spatial and frequency characteristics of non-equilibrium
phonon populations. With the expected availability of powerful synchotron sources
this should become an extremely useful tool for phonon transport studies in solids.
Tunable far IR lasers can also be valuable in probing specific decay channels for
high frequency phonons. Such experiments have only recently 19 been attempted.
Further effort also needs to be expended in proper nmestcal calculations of phonon
decay processes (anharmonic and isotope) taking into account the real vibrational
spectrm of the solid.

Acknowledgement.- The original parts of this w et a perfotmed in close collabora-
tion with M. A. Chin, P. Hu, N. Lax, and R. 0. u1btIch to AU of whom I owe special
thanks. Helpful discussions with M. Schluter fi tJ, .- terir and extensive
computational aid of R. C. Fulton is also acWledpa.
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BALLISTIC TRANSPORT AND DECAY OF NEAR ZONE-EDGE NON-THERMAL PHONONS IN

SEMI CONDUCTORS

R.G. Ulbrich*, V. Narayanamurti and M.A. Chin

BelL Laboratories, Mwray Hill, Newa Jersey 07974, U.S.A.

Abstract.- We present results on the energy transport by near zone-edge
transverse phonon pulses generated in the process of non-radiative electron-
hole pair recombination at T-1.4 K in GaAs and InP. Depending on orienta-
tion and distance, ballistic transport of phonons with frequencies between
1.0 and 2 THz is reported.

Introduction.- There has been a great deal of recent acitivity in high frequency
1phonon transport . We recently presented a preliminary report on the propagation of

non-thermal, large-wavevector acoustic phonons over macroscopic distances (- -m-) in
2GaAs at low temperatures . Here we report on the spatial, temporal and directional

dependence of the phonon signals in GaAs and present also results on InP.

Experimental.- Bulk crystals of GaAs and InP with mechanically lapped and chemically

etched surfaces were used. We studied Al bolometer and Pb junction detector signals

in three geometrical configurations: a) "trans" in the plane-parallel samples with

photoexcited source region and detector on opposite sides; b) "cis" with source and

detector on the same crystal surface; c) "edge on" with the detector close to a

sample edge and the source on the adjacent face. In the following, the necessary

corrections for Lambert's Law and the cosine of the detector viewing angle have been

made.

Results.- Figure 1 shows phonons signals S*r2" S, where S is the actually measured Al

bolometer signal as a function of t at different fixed distances r, for the three

principal directions in a 2.7x6.5x12m.3 <1,1,0> cut GaAs crystal with <1,1,1> edge-on

detector. S has been plotted as a function of t/r to reveal the characteristics of

ballistic, dispersive transport: linear scaling of pulse shape in time and space.

Close affinity in, indeed, observed in Fig. 1. The peak of the phonon distribution

travels with 0.9xlO5cm/sec, and the leading and trailing halfpoints with lu 2.5x10 5 ,

and A- 0.4x10em/sec. respectively. The detailed shape of the velocity distributions

depends on propagation direction.

The signal onset of the TA phonon signals was measured and compared to low-

frequency propagation, launched in evaporated metal film stripes in situ in the same
experiment. The onset edge of the "slow" signals in Fig. 1 exhibited consistently

lmer velocities, ranging from 881 to 93% of the low-frequency TA (reap. PTA in 1,1,0)

velocities in the three directions. We therefore, conclude that all the signals we

observe is due to high-frequency, i.e. 1 > 1 T~s phonons. Pb junction experiments in

*Also at Institut fir Physik, Univeritit Dortmund, West-Germany.4 ..... . ...... I
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.Fig, .- Phonon signals [ (.t) i
GaAs, T-1.4K, for three directions
at fixed propagation distances
r-0.44, 0.88, 1,76, 2.6 and 5,2am
(from top to bottom). Pulse peak,
leading and trailing edge halfpoints

.,/-."'\. t.IOA \ "">) are indicated (1, 0,-*.

.3 , 1 2 A 1 2 .5 , 2 '1
1e6811') [i48..]

the same configuration confirmed this result. To obtain frequency distributions we

converted the measured velocities according to the known dispersion curves along

the principal directions3 . One example is shown in Fig. 2a the evolution of the

frequency distribution with increasing propagation distance along <1,0,0>.

The variation of S* with increasing distance r is expected to be propor-

tional to 1/r exp (-ur), where a is a phenomenological averaged damping constant.

Due to the pulse shape variations evident in Fig. 1 - a narrowing of velocity spread

among the halfpoints by almost a factor of 2 is observed in all three directions in

the distance range discussed here - this proportionality is modified. Evaluating

the total integrated pulse signal we found o<111> 0 3cm- 1 , t = 10cm-1 in the other

directions. From the narrowing we conclude that both the high frequency and the low

frequency parts of the initial frequency distribution are affected by attenuation.

The minimum of damping occurs at frequencies of 2.05 THz in <1,0,0>, <1,1,0> and

1.55 T~z in the <1,1,1> direction. This is an indication of anisotropic phonon

propagation in the dispersive region. Rowever, the polychromatic excitation of TA

phonons (via the LO - LA - TA relaxation cascade) and the relatively large detector

viewing angle tends to smooth out large variations in the directionality in the

intensity of the phonon signals, which one would expect for monochromatic high-

frequency phonon propagation (in analogy to the focussing effect in non-dispersive

transport at low frequencies).

In Figure 2(b) we show some results for InP on the spatial dependence of

the phonon signals for three different elapsed times. This plot shows that the

phonon energy density has a peak which moves with increasing time away from r-0 in

a quasi ballistic fashion. This is clearly different from diffusive transport,

where the excitation region would always have the muximum energy density after pulsed

excitation. These data indicate that the momentum and energy relaxation time for

phonos in the 1.5 TIz region is microseconds long in InP.

In both materials boundary scatterins of these TB. phonons turned out to

be completely diffuse and caused efficient down conversion into low phonons.

j
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Fig. 2(a).- Phonon distributions Fig. 2(b).- Phonon signals S* as a
on the lowest 1,0,O> TA branch function of distance for three dif-
in GaAs after the pulse has ferent elapsed times t. after pulsed
propagated over a distance of excitation at r-0, t-O In I•P.
r-0.44 -m (1-1). 0.88 sm(--)
and 1.76 ( y....). The arrows
indicate the peak; upper and
lower ends of the lines mark the
halfpoints.

Pulse sharpening, presumably because of down conversion, was also observed for

high excitation levels 0: 106j/8 20).

In summary, ve have observed the propagation of near zone-edge TA phonons
after non-radiative c-h pair recombination in bulk GaAs and InP * Such propagation

appears to be a general feature for zinc-blende semiconductors with high chemical,

physical and surface perfection.
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FREQUENCY CROSSING IN BICRYSTALS AND INELASTIC SCATTERING AT SURFACES

L.J. Challis, A.A. Gbazi and N.N. Wybourne*

Deparibent of Physics, UniUersity of Notting=, Nottinghwn NG? 2RD, U.K.

Abstract: It has been demonstrated experimentally and theoretically that
frequency crossing signals in thermal conduction can be produced between diff-
erent resonant scattering contres on either side of an interface. The measur-
ements were carried out on an A1203 bicrystal doped with Fe

2  in one half and
V3 in the other. The signals are observed to decay with distance from the
interface and this is interpreted as the result of inelastic scattering at the
crystal surface.

When a heat current passes along a solid rod containing resonant scattering

centres holes are burned in its spectrumn at the resonant frequencies. If there are

two scattering processes, VA and v., the total phonon scattering and so thermal res-

istance is less when the frequencies cross (coincide) than when they are uncrossed

since the area of the combined hole burned in the spectrum is less than that of the

* two separate holes. If the scattering centres are magnetic ions their frequencies

can be tuned with a magnetic field, the fields corresponding to crossing points.

which are identified by sharp minima in the temperature gradient, can provide spect-

roscopic information of high resolution /I/.

In the present work we have investigated experimentally and theoretically

whether the technique can be used when the two types of centre are in different

parts of a crystal. To simplify the theoretical analysis we have neglected inelas-

tic phonon scattering. We consider heat conduction along a composite rod or bicry-

stal doped differently in its two halves A and B so that resonant scattering occurs

at vA in one half and vB in the other. Now if the scattering is purely elastic the

heat curr nt within the channel provided by a narrow band of frequencies remains

constant throughout the rod and its magnitude, for a fixed temperature diffance

between the ends of the rod, depends on the sam of the thermal resistances of the

two halves. Therefore rather little heat will flow in the channel which contains vA.
The effect of adding a second scattering process V. to this chennal (VB - VA) will

reduce the heat flow along it but if it i* already smll it will mke little differ-

ence to the total heat flow from all the channels. however if V9 is tuned away from

V a second channel will become effectively blocked and the total heat flow will
A

fall. So we expect the thermal resistance of the composite rod to pass throui, a

Presmnt Address s The General Electric Co Ltd, Hirst Research Centre, Vembley, Niddx,
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minimum at VA - V B" Detailed analysis /2/ indicates that at the crossing the fract-

ional change in the temperature differences along A is

6T A 15 [Xo0f(xo] A2
A. V J I, - cA (A (x~w fa: A (A + A 2 01

with a similir expression for 6TB . f(x - x4 ex/e x - 1] 2 , x - hv/kT and v° is the

crossing freluency. The analysis assumes Lorentzian line shapes with scattering

rates T I/TO -1 2/LEV-ViJ 2  
*i where T_ is the background scattering rate, which

will be mostly boundary scattering. It also supposes AI >> rI which is believed to

be the case in our experiments. Expression (1) shows that the signal size is diff-

erent in the two halves of the crystal and that the bigger signal occurs In the half

containing the weaker scattering process. Of particular note however is that the

analysis suggests that it is possible, at least in the absence of inelastic scatter-

ing. to observe frequency crossing signals in a composite system.

To test this we have used an a-axis bicrystal of A1203 , 4mm in diameter and 40

mm long made by Hrand Djevahirdjian SA. One half (V) is doped with vanadium and
3+ 2.believed to contain 170ppm of V and 0.3ppm of Fe . The other half (Fe) is doped

with iron and believed to contain 1.2ppm of Fe2 + and <lppm of V 3 . A heat current is

passed along the rod and the temperature gradients measured near to the interface

using a pair of thermomters as shown in fig 1. For the arrangement shown heat

could be injected at "Fe or HV. Several V3 /Fe 2  frequency crossings were examined

and we report here the data for two crossings C and D involving a AM' - I transition

of the V ground state at a frequency vV P 249 - 27B GHz. Crossing C occurs when

Vv crosses a AM a 1 transition of

Fe 2 ' at 113 + 48 GHz in a field H. HF AT ;(Indum Cbmp

of M.85T. Crossing 0 occurs
2' Fe V He Both-

whennv crosses the Fe M 2 .

transition at 968 GHz in a field fig 1: The expeAixeJC51 auaLeZmet.
of %2.05T. The two crossing

frequencies are 199 and 194 GHz respectively and the Hv T 2,2K
CT-2

signals for the: two heaters are shown in fig 2. No '?eat

current passes through the Fe-doped end for injection at
HV and the signal is due to vv crossing the hole burned HF_

by the tras of Fe 2  present In the V-doped end. The

important feature Is that when the heat is switched to

HFp. the signals increase by factors of 2.7(C) and 2.1

(0) showing that the Fe 2  hole is new much larger. So

the hole burned by Fe
2 + Lens is carried over into the K02%

V and. A similar result is found if the aimple is rav- I L L J1.7 19 2.1
ared end the tmperature gradlent is matured on the BIT)

Fe 2 + end. We conclude that a resonant frequency In one F : Tt

part of a crystal can be measurd by tuning that of 44WA.

A .i,. ... .
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another ion in a different part of the crystal. Using signals derived from the heat

current passing between the two parts we can determine when the two frequencies are

equal. This could have wider application if the second part of the crystal could be

stuck or grow, onto the first.

This effect can only occur if the holes burned in one part of the crystal have

not decayed oy the time they reach the detection region. Decay will occur as a

result of inelastic scattering which will redistribute the heat current spectrum

towards that corresponding to the local scattering processes. Information on this

decay was obtained by measuring the size of the signals further from the interface.

It was found that at "2mm from the interface the holes had decayed almost completely

since the signal sizes were the same whichever heater was used. From these data we

deduce that at 2K and 200Gz the mean free path for inelastic scattering I1 4m.

No difference was observed at 1.5K.

This value seems much too short to be due to bulk three-phonon processes. There

is no direct information on these but estimates obtained by extrapolating thermal

conductivity data /3/ would give values at these temperatures and frequencies of 1106

mm. We prefer to believe therefore that ZI is due to inelastic scattering at the

surfaces and since I u diameter, this suggests that the probability that a phonon

striking the surface is scattered inelastically 1.1. This is higher than that found

from the decay of '2A' phonons /4/ end more work is needed to establish whether this

is due to the nature of the surfaces - the present surfaces are fine ground to '2 D

and not carefully cleaned - or for example to the fact that because of the higher

resolution we are more seneitive to quasielastic scattering.

The work was supported by the Science Research Council. We are also very

grateful to Mr J R MacDermott of Refractory Metals and Castings Ltd. Professor A
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THE INFLUENCE OF THE DYNAMICAL JAHN-TELLER EFFECT OF ACCEPTORS ONTO THE

PHONON-TRANSPORT MECHANISM IN CUBIC SEMICONDUCTORS

J. Maier and E. Sigmnd

Inatitast flir Theoretiaolae Phystk, Univereitat Stuttgart, 7000 Stuttgart, F. R. G.

Abstract.- Phonon scattering-experiments of various types in cu-
bic semiconductors doped with deep effective mass acceptors in-
dicate an extra resonance scattering at some meV. We show, using
Green's function and transformation techniques that these re-
sonances are due to a dynamic Jahn-Teller effect of the F8 -
acceptor ground state. Their influence onto the thermal conduc-
tivity is calculated in terms of a specific single mode relaxa-
tion time.

1. Introduction.- A series of phonon experiments 1 ,2 ,3  and optical ex-
periments 4  indicate a resonance energy in the meV-range for the deeper
acceptors GaAs(Nn), GaP(Zn), Si(In) and Si(B). These energies are much
larger than the splitting due to random internal fields, which may be
of the order of 10 to 100 veV in these crystals. In the following we
show that these additional resonances are due to the dynamical Jahn-
Teller effect and we discuss their influence onto the phonon transport

mechanism.

2. The Phonon-Transport Mechanism.- The theoretical analysis of our

calculation is based on the Boltzmann equation5 of the phonon distri-
bution function N Xq(rt):

6N + v (V.dNxq) X( ) + XN)
), q AqA~ (X1TS+

where N q(rt)-Nq+8Nq and N qAexp(h w q/kT)-1-.vxq is the group
velocity of the phonon and defined by V Xq-VqW q. The first term repre-

sents the local time-derivation, the second one arises from the drift
motion of the phonons in a gradient field and the third term is the
source term and describes the rate of phonon production and annihila-
tion by the heater and detector. The fourth term is called the colli-
sion or scattering term and it reflects the physics of all phonon inter-
action processes arising in the studied sample. The treatment of this
scattering term Is the root problem in solving the Boltzmann equation.
It describes the change of the phonon distribution function due to the
different scattering processes. In relaxation time approximation thisJtere is given by

- k..
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T~q

T q is the single-mode relaxation time. If all relaxation rates are

known the thermal conductivity can be calculated.

3. The Acceptor Ground State in Cubic Semiconductors.- The ground state

of acceptors in cubic semiconductors is fourfold degenerate (r8 ) and

the interaction with the lattice vibrations leads to the possibility of

a Jahn-Teller effect, which may cause a dynamical splitting of the elec-

tronic levels.

The acceptor-hole-lattice interaction Hamiltonian can be written
as6

H =E (P rIq r + D (cr8 Xq+ c, 6)1q + cyaX
I 1=E {D~ 1  +P2 2)q) P3 D' ( 1 ~ 1 02 2 33

where pi and aj are Dirac's 4x4 matrices. The coupling functions ri

and6 q are given by

r )112 f(q) I [24,e,, - - yey] etc.

+

b Xq and b q are the annihilation and creatien operators for the phonon

Xq. j is the unit vector along , is the polarization vector and M

the mass of the crystal. Dc(-Da) and oT(-OC) are the deformation po-

tential constants for a [1,0, and [1,1,11 strain respectively. f(q)

is the cut-off function reflecting the extended nature of the defect
state.

4. The Single-Node Relaxation Time.- The scattering rate or the inverse
life time of a single phonon can be related to the imaginary part of

the T-matrix:

-1 -InlXq ""Xq i(wXq)kq,Xq

The T-matrix itself is defined by the phonon Green's functions

(G.-Go-GoTo) of the unperturbed (GO) and perturbed (6) crystal. For the

calculations we used an isotropic model for the Crystal, we expanded

the Green's functien hierarchy up to the fourth otider and we calculated

the thermal expectation values by use of an exponential transformation.

As a final result the mean scattering rate can be written in the Lorentz-

ian-like form
6

2 2 () 2(w 4')Z 1(w)2

P, A and r are rather lengtRy exprorssions, thirefOrt we have omitted

them. In Fig. I the Jahn-Teller induced relaxation rate is drawn.

[ Lvtt&
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5. The Thermal Conductivity.- Taking into account the boundary (B) and

isotopic (I) scattering as well as the phonon scattering by the ac-

ceptor states (JT) and the Umklapp processes (U) the thermal conducti-

vity K(T) can be calculated
7 . In Fig. 2. the thermal conductivity of

the system St(In) for different In-concentrations is drawn. Its be-

haviour is in good agreement with the experimental results.

tgupure

hn-Te'ler 5tt 1ZTb h stpc satrn X n

Figure I Figure 2

- h %wlsV -TIK

5 10 5 10 so

F .1: Relaxation rate of logitudinal Phonons by the scattering by
the jahn-Teller state (IT,)n by the isotopic scattering 1/),and
by the bouldary scatter ing (TI.-~ in In-dotopedcSI (In-concentrat on
n .1 cm ) as a function oIt energy a. The calculated resonance
energy is 3.8 me..

Fg2: Calculated thermal conductivity K in Si(In) as a function of

ti*sprature for different In-concentrations n.

(1) do Comubariu, A. Lassnn, K., Phonon Scattering in Solids,
p. 340, Plenum Press (1976)

(2) Lassmann, K., Scbad, Hp., Solid State Commun. 1A, 449 (1916)

(3) Schenk, H., Forkel, W., tlsoomenger. W.* Fruhjahrstaulg OPS,
Freudonstadt 1978

(4) Sauer, kt.. Schmid, W., Veber, I., Solid state Commun. 27, 705 (1978)I(5) Kiemens, P.6., Sol. State Phys. 7 (1958)
(6) Sigmund, E., Lassmann,K., Phonon Scattering in Condensed Matter,

p. 417, Plenum Press:(1979)
(7) Callaway, J., Ph y*. Rev. 113. 1046 (195)
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A STUDY OF THE GROUND STATE OF ACCEPTORS IN SILICON FROM THERMAL

TRANSPORT EXPERIMENTS

A.M. De Goir, M. Locatelli and K. Lassmann*

Service des Baaes Tempdraturea, Laboratoire de Cryophyeique, Centre d'Etudes
NuoZ4aires de Grenoble, 85 X, 38041 GrenobZe Cede x, France

haftikatieohes Inatitut, Univeraity of Stuttgart, 7000 Stuttgart 80, F.R.G.

ABSTRACT - Thermal conductivity measurements of silicon crystals doped with
B or In have shown the presence of several phonon scattering processes. The
resonant effect observed below 1 K is ascribed to the existence of a dis-
tribution of splittings N(6) of the r8 ground state of the acceptor, which
could be related to the presence of oxygen and carbon impurities. In two
cases, the maximum of N(6) occurs for 6 max near 6 GHz, in agreement with
previous ultrasonic studies (Smax > 4 GHz).

Samples and Experiments - The thermal conductivity of four Si single crystals doped

with B or In has been measured from 50 mK to 200 K. Three crystals have been studied

by ultrasonic absorption in Stuttgart and some of these results have been already

published El]. The characteristics of the samples are given in table 1.

TABLE 1

Sample S 80 g S 87 d S 52 S 33

~Dimens ions
Dimnsions 2.6 x 3.0 x 35 3.0 x 3.0 x 34 2.3 x 3.0 x 14 0.85 x3.03 x 11

Acceptor B B In In

0 (a cm) 10.8 2.5 0.1 2

NA (cm-3) 1.2 IO s  5.4 10i1 5.1017 5.10 Is
no (Cyr3) 5.7 101 7  .4 2. 1015 8.10 17 7.10 17

ac (cm 3) 4.1 1016 .< 5.10i ? ?

6rowth method Cz Fl. zone Cz

Imx.(6N)
(from ultrasmics) . 4 1.3 > 4

SThis sample has been measured previously above 1.2 K [2]

Results and qualitative discussion - The experimental results are displayed in fig.l

in a log-log plot and show that three temperature ranges can' be considered.

(i) T < 2 K Resonant pimomon scattering is present in the three samples measured

in this temperature range. We ascribe this scattering to a direct process between

the two enrgy levels arising from the reacceptor ground state, the splitting being

variable frm site to site due to ranom strains and electric fields. The distri-

j .. °
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K(Wcm4.K-")

10*

1xiI K ( K.cav.n W.

..

a2 S Sin 5 V"Ian3

S" • 1 ,

S912 IO1cm

12 1616

Si dop In 5

9 Sd.P6D{12~ -M

. .,1. .5

Figure 2. Solid lines are not

calculated

Figure 1.

butions N(6) have been studied at frequencies less than 4 GHz by ultrasonic attenua-

tion and related to the presence of carbon or oxygen Impurities in the crystals [1].
The phonon relaxation rate due to this process is given approximatively by

T- 1
(0) - H j2 W N(6.W)/I p V2  

(1)

where * is a man value of the coupling constant, and the qualitative shape of N(6)

is gven by the function T/K [31. In fig. 2, T2/K is plotted as a function of T

for the three samples studied. A maximm is observed near 0.19 K in the case of Si
In (5.10 17/1cms) and 0.09 K in the case of Si : 5 (1.2 1015/cm3), which would corres-
pond very crudely to frequencies 6mx of 15 and 7 GHz respectively. In the case

of Si : B (5.1015 /cms ) the mximlA Is not reached at the lowest temperatures, so
that amx must be less than 4 GHz. These results are in very good qualitative agree-

ment with those obtained by ultrasonic measurements and given in table 1.
() 2 < T < 30 K A very clear dip appears near 20 K In the case of the In-doped

samples, which has been already observed and attributed to an excited Jahn-Tller

level of the acceptor near 40 cm- 1 (2]. A small effect could be present near 3 K in
the more highly doped Si 8 sample so that the ratio of the transition energies for
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the two systems would be about 5, a value noticeably larger than previously sup-

posed [41.

(iii) T > 30 K The dip near 40 K present in the lightly doped Si B crystal and

not in the highly doped one Is attributed to the presence of isolated oxygen inters-

titials ; the two crystals contain different amount of oxygen (see tp.ble 1) and in

fact, the two curves cross near 20 K. This resonant scattering observed near 40 K is

also probably present in the In-doped samples and could be related to a transition

near 80 cm-1, in reasonable agreement with the energy level scheme of oxygen deduced

from FIR absorption measurements [5].

Quantitative analysis - A preliminary analysis of the results in the temperature

range T < 1 K for the two samples containing oxygen and carbon has been carried out

within the Debye approximation. Only boundary scattering (TB-8 = constant) and scat-
tering by the acceptors as described by equation (1) have been considered. We have

used an expression of K(6) which gives a satisfactory description of the distribu-

tion obtained by a Monte-Carlo calculation for point defects such as carbon [11.
The general features of the experimental T2/K curves (fig.2) can be described by

such an analysis and, with the parameters given in table 2, the position and inten-

sity of the maximium are well reproduced, but not the detailed shape of the curves.

The values of 6"ax obtained from these fits are similar in the two crystals, in

contrast with the crude estimations from the position of the pics given above.

TABLE 2

Sample 6rnax (GHz) NAD2(erg 2 cm- 3 ) NA (cm- 3 ) D (eV)

Si : B (S 80 g) 6.2 0.4 6.5 10-9  1.2 101 5  1.5Si : In (S 52) 5.6 ± 0.4 5.1 10-7  5.1017 0.63

This analysis also gives values of NAf 2 and, supposing that all the acceptors

contribute to the scattering, we obtain the values of D given in table 2, which

are not unreasonable. Full details will be published elsewhere.
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PHONON AND PSEUDO-MAGNON TRANSPORT IN COOPERATIVE JAHN-TELLER SYSTEMS

M. Wagner, W. Mutacheller and H.-K. Nusser

Institut far Theoretische Physik, Universift Stuttgart, ?000 Stuttgart 80,
F. R. G.

Abstract.- Stimulated by measurements of Daudin and Salce it is
shown that in E-bI,b2 systems like TmVO4 one-phonon scattering
is of minor importance for phonon transport. Strong effects onto
the heat conductivity arise from the new transport path of the
pseudo-magnon system and from the 2 phonon-1 magnon relaxation
path. Explicite expressions are given.

1. Introduction.- This work has been stimulated by measurements of

Daudin and Salce [1] on the heat conductivity of rare earth vanadates

and arsenates, which are cooperative Jahn-Teller Systems of the E-b1 ,b2

type. We specifically refer to TmV04. These authors tentatively ascribed

the resonance behaviour below Tc to a 1 phonon-1 magnon scattering me-

chanim. But the data could not be reproduced in this way.

2. Physical Conception.- In our approach we suggest that, at least in

E-bjb 2 systems like TmVO where the E-b2 coupling is much weaker

than the E-b1 coupling, one-phonon resonances do not play any appreci-

able role in the energy transport. Rather, the linear electron-lattice

coupling is mainly used up to define new equilibrium positions of the

lattice (*J.T. distortion"), thereby on the one hand establishing coo-

perativity in the pseudo-magnon system, and on the other hand produ-

cing a 2-phonon-magnon scattering mechanism. Thus, there is no one-

phonon scattering mechanism which would have an effect onto energy

transport. Therefore it is necessary that the definition of the spa-

tial energy density,which is necessary for doing transport theory,

does not contain contributions which are linear in the lattice displace-

ments, since these would yield artifact contributions to the heat

conductivity . To avoid suah artifact contributions, we perform a uni-

tary transformation of the original Heiltonian t
o [2], which removes

the linear electron-phonon intereetion terms [31, The new and physi-

cally effective Hamiltonian then reads

(1) ^ Ii HoSa2 + Al al q11J + HI

(1 H U N _Hph_' m a+ 2

- -" -.- '"Z
: , ' '  

-.-- -" €

A.z -"
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(2) H'= Z u~ bl1 b~2 + h.c.Jub.+ qq q qj q2
qq'

" ,{a7 -[IZb b + V4-l bt b-, 3+ h.c.}qq' q-q [V' j q'2 qq' q2 q 1

+ energy non-conserving terms

where a are the pseudo-spin operators [2] which describe the electro-

nic 2- mlevel systems at sites m, and where the quantities A, U and V

are triple products of the original coupling constants and the inverse

of the dynamical lattice matrix D; their detailed expressions are leng-

thy and will be given elsewhere.

3. Heat Conductivity.- Under suitable provisions the heat conductivity

expression may be written as a superposition of the different transport

paths j, j=1,2,s, each of which is characterized by an excitation ener-

gy W-'j, a group relocity . and a relaxation time Tj. We have employed

a Zwanzig-Mori formalism r4j for the correlation functions leading to

expressions for T 1. The details are given elsewhere.
q)*

The pseudo-spin part of expr. (1) constitutes a highly anisotropic

Heisenberg Hamiltonian, which by means of its dispersion property opens

up a new transport path. The most simplified expression for the pseudo-

spin conductivity reads

(3) T). (o) -2 ) + a), TkBT

where a is the order parameter, which satisfies the well-known mean-

field equation, and where K0) may be taken as a constant. The tempera-

ture behaviour of Ka is illustrated in fig. (1). On the other hand, the

residual electron-phonon coupling term H' (vid. (2)) opens a new re-

laxation chamel by means of scattering which involves two phonons and

one pseudo-magnon. This leads to a resonance expression of the form

(4) T(W) 
1-r (W) 1 e-ow(eB .-1)

/(0-g)2 +E2 (e n + e- (w-f 5 2 +e2 
- 1)

where 9 is the pseudo-magnon frequency and r(w) is slightly w-dependent,
but is taken as a constant. Then T71) has resonance character below Tc
and a monotonic behaviour above Tc. The deviation of the phonon heat

conductivity from the Casimir behaviour (i.e. boundary scattering only)

is drawn in fig. 1.

IVA
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03 Fig. 1: Heat conducti-
/ -vity in Cooperative J.T.
/ Systems. --- additional
Ki / conductivity due to theKs T ITc pseudo-spin system.

-- deviation of phonon
conductivity from boun-

0.0 dary scattering behaviour
033 06 . o ain the mean field case

33 0,661.0 Z 0 cn"(I-T/T ) 1/2.
..... sake as before, but

Kp-F K0 cyn,(1 +(T/TC)4 ~ 1

-0.3 -

-0.6
The qualitative picture seems promising. An attempt, to achieve a quan-

titative fit of the measurements [] by a suitable choice of K() and

r will be made in the near future.
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PHONON PULSES FROM A RELAXING SYSTEM

R. Englean

IsaeZ Atomie Se.rgy Comraision, sorq M&wtw Reeea.ah Center, Yame, Israel

Abstract.- The spread of polychromatic phonon pulses, following optical
absorption by a defect, is calculated up to %102 lattice-spacings far.
Phonon dispersion attenuates the pulse. The angular variation of the pulse
peak position reflects the spectral anisotropy.

I. Introduction.- Recent detection of monochromatic phonon pulses explored bal-

listic propagation and an~uler dependences in the phonon spectrum. (1,2) Phonon

pulses arising from a relaxing excited Impurity have been described theoretical-

ly. These span a broad frequency range, are easy to generate and may with some

sophistication be detected (a) macroscopically, namely at a distance several times

the illuminatd region, or (b) microscopically, by coherent measurement of signals

produced by secondary absorbers near the impurity. ! '

2. Results.- As noted previously,( 3 ) the pulse-shape depends on the frequency

spectrum w(kj) as function of the wave vector k and branch minx J. In Fig. 1

the pulse, which is initially localized near the impurity, maintains its shape and

height for a Debye spectrum, w g k, as far as 30 lattice spaeings (a) away but

distorts and attenuates strongly by dispersion u a sinak/2.

The distance r9 and time t) dependence of the pulse is

1(r t) . k(kj))p i[-(kj)t - _.r (1)

The amplitude q of the initial excitation is expected to follow asymptotically

for small k the relationship k - (or k In 2D) ). The polarization vector

Included in % has a complicated behaviour especially for degenerate modes.

We assume an Isotropic form.

Then the angular variation of the pulse Intensity arises from the sdmottpy

of o(k). Assumiag a caie form like

__ __ _
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W 2 k4+ k +k4 (or -k4 + k In 2D)
x y z x y

the outward (radial) pulse-height rq r (#,t) was computed as function of the

azimuthal angle # in the (001)-plane (or of the polar angle in a cylindrical
2D-geoetry).

The location of the main maximum in rq(#,t) at each instant t can be deriVed

by assuming that the main contribution to the sun in (1) comes from points in the

Brillouin-zone vhere the group velocity satisfies

aw r

g 3k_

The maximuma occurs for values of r,t where the phase in (1)

wkjt- k.r - 2w xinteger

It can then be shown that the maximum amplitude is at points r,, (4 ,t) where

r,(0,t) - (cos * + sin '4)~' (2)

The rho of (2) Is shown In Pig. 2. The values of r,(#,t) obtained from computa-

tion of (1) at a time t - av- (ve - velocity of sound) resemble the functional
8

form of (2) in both 2D and 3D. [Note however from the figure that only a little

later the computed maxima are distorted with respect to the simple prediction (2)]J.

3. Conclusion. - It follows that with suitable experimiental means of detection
spontaneous phoeon pulses from excited, relaxing Impurities can yield useful though

limited Information about lattice phonons and the impurity-lattice interaction.

(1) G.A. Northrop ad J.P. Wolfe, Phys. Rev. B 2&, 6196 (1981)

(2) P. Eu. V. Narayanamurti and M.A. Chin, Phys. Rev. Letters 46. 192 (1980)
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Fig. I.- rq vs r
Radial, welibted phonon sarlitudes as function of distance in units of lattice
spacing for isotropic spectra at different time. Initially the pulse is

locaixzed at the centre, later it propagates sharply outvards for a non-dispersive
spectrum (w -k) but gets attenuated end distorted for a dispersive spectrum.
Time i in units of ax(velocity of sound)-I.

i I

05 .
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Fig. 2.- AsiLotro1y otfot
Tb pwsitioa rX of the sin sztmm as functem of the ass" of orientation
(is a (oo1]-pliim) am obtatiaebIurdstieslly eq. (2)]. by' caqitatios in 3 wd
29 at a tim Sava-1. The dots a i coqmted resulra In 23 at a tim- 7av- 1 .
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PHONON SCATTERING BY Cr IONS IN GaAs AND THE EFFECT OF UNIAXIAL STRESS

A. Randane, B. Sale , L.J. Challis and X. Locatelli*

Departmet of Plyaics, Nottingham Univereity, Nottingham NG7 2RD, U.K.
Service B T, CENG, 851, 38041 Grenoble Cedex, France

-Abstract: Thermal conductivity measurements igDthe range 50rK to 100K on n;
p and SI samgles of Cr doped GaAs show that Cr only scatters phonons at '15
GHz while Cr * has several resonant frequencies in the range 20 to 700GHz.
Measurements under uniaxial stress indicate very anigotropic behaviour qual-
itatively consistent with a Jahn-Teller model for Cr

Substitutional Cr appears to exist in GaAs in the three ionic states Cr2 , Cr3

and Cr . Cr has an orbital singlet (3A2 ) ground state and cannot scatter phonons

strongly (neither could Cr1 + if it existed) but this is not necessarily the case for

Cr2  and Cr 3 . We have investigated the phonon scattering by making thermal conduc-

tivity measurements down to 5OwK and under uniaxial stress. The zero stress work is

an extension of earlier work /1/ and a full report on the 14 samples investigated

will appear elsewhere /2/.

The thermal conductivity K correlates with the electrical characteristics and

values for n, p and semi-insulating (SI) specimens are shown in fig 1. The data are

plotted as thermal resistivity (W a I/K] divided by the resistivity characteristic

of undoped GaAs to emphasise the scattering and the upper scale shows the frequency

of the dominant phonons in the heat current (hV 1 4kT) attributable to Cr. The

weakly p-type (GA781) and SI sample GA735(e) are not dissimilar in behaviour above

lOOK and the smaller though still very substantial scattering in TI4 is consistent

with the fact that the Cr concentration is about 20 timeq smaller than in the other

2 samples. There is also evidence of resonant scattering at SGHz in SI GaAs which

is absent in the p-type material but appears to be the only resonant scattering in

n-type material containing a roughly similar amount of Cr. Since the Cr in n-type
2.material should be very largely in the Cr state we conclude that this ion is

responsible for the low frequency soattering. So Cr2 + can only scatter phonons

significantly at !SGHz. The absence of this scattering in weakly p-type material

(Cr and Cr 4 ) and its presence in SI material (Cr and Cr3+) Is consistent with

the probable valence states given. The scattering above iOQMK in p-type and SI
material seem attlbatable to Cr3 and from the positions of the maxim In W/W0 we

deduce that the sotetilng 'resonantat 21. 80. 150. 400 and 6890Hz suggesting a

fairly coqmpl level scheme. The values at 150 and 400 GHz are broadly consistent

with valu s obtained by tumel junotion spec tzoop /3/.
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Both Cr2  and Cr3 + are believed to undergo Jahn-Taller effects. In the static

limit the 5T2 states of the Td r4ystal field of Cr are sp i by tetragonal Jahn-
.5Teller distortions to leave a ground state orbital singlet B2 for each of the three

wells which is then split by second order spin-orbit interaction. This can account

for the EPR data /4/ but not for the phonon scattering observed here which is forbid-

den in this limit /2.5/. Tunnelling between the wells mixes their states and phoon

scattering is now allowed between levels separated by 36, where 6 is the tunnelling

frequency /5/1 The levels should be very sensitive to applied or random strain which

produces relative shifts in the energies of the wells. hmlCver the phonon scattering

cuts off once these shifts exceed the tunnelling splitting so no scattering can occur

much above 361. From the data in fig I we can conClUde therefore that 61 2GHz and

so the Ham reduction factor y 0.00A. The picture is much less clear for Cr3 + . The
Td ground state is 4 T and EPR data suggest that the Jahn-Teller distortion results

in 6 orthorhombically placed wells /6/. The size of the reduction factors and so the

relative sizes of the first and second order spin-orbit splittings are not Known and
4

the description is complicated by the possible close proximity to 4T1 of states from

excited configurations /7/.

To Investigate the system further, measurements have been made of the dependence

of the thermal conductivity on uniaxial stress in the temperature range 2-15K. No

significant effect was found in n-type material and this seems consistent with the

description for Cr2  given above. Stress should increase the transition frequencies

to values comparable with those of the dominent phonons In the heat current so that a

decrease in thermal conductivity might occur. The fact that It does not Is consist-

ant with the cut-off in scattering crss-section at these high frwquncies. Ota for

S1 (TI4) and p-type (GA78) smplu ae sham in fig 2 fcr pqFres9e strepA along

<001> and <110> directions. The behaviour of the two samples Is very similar for

<01> stresses again suggesting that the scattering ion Is the sam. In T14 the

saturation value at high stresses it very similar to that of undoped GaAs suggesting
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that the Cr scattering has been completely quenched. The anisotropy reflected by

the comparatively modest changes produced by <110> stress is very striking and sugg-

ests that <110> stress leaves a ground state within which phonon scattering can still

occur. This seems qualitatively consistent with the stress splitting for Cr 3+ near

the static Jahn-Taller limit given in ref /6/. Compressive <001> stress leaves 2

orthogonal levels lowest so that phonon scattering should vanish at high stress.

Compressive <110> stress leaves 4 levels lowest. Tunnelling can occur between pairs

so phonon scattering remains even at high stress. Further measurements and analysis

are in progress to test this description.
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THEORY OF THERMAL CONDUCTIVITY IN MOLECULAR CRYSTALS. APPLICATION TO

ALCALI CYANIDES

W. Bauerafeind, J. Keller and U. Schr~der

Inatitut fUr Theoretisohe Paysik, Universitat Regenaburg, D-8400 Regenebug,
F.R.G.

Abstract.- We investigate the influence of coupling between
translational and rotationaL motion on the thermal conduc-
tivity of moLecuLar crystals and present results for KCN.

In this paper we report on caLculations of the thermal conduc-

tivity of KtN, the prototype of a mbtecuL'ar crystal with rotational

motion of moLecuLar groups. We wiLL show that the interaction between

transLational and rotations* motion is a very effective reLaxation

mechanism for the heat current and may reduce the thermal conductivity

to values as found in amorphous materials.

In our calcuLations we use a model proposed by Michel
1 

for the

interaction between transLationaL and rotational motion. At T = 168 K

KCN undergoes a phase transition to an orthorhombic phase where the CM

molecuLes are ordered preferentially in the 1110] direction
2
. In our

calculation we restrict ourselves to the high temperature phase where

the crystal is cubic, and we treat the CM molecuLes.as free rotators.

The thermal conductivity I defined by J = -XVT can be caLculated

from the foLLowing correLating function (Kubo formula)

A I, - dt @_-ct Jdx <j (0) j(t+ix)> (1)

0 0

Here J. z j 
(q

u
o
) is the heat current operator.

The relaxation function (1) is most conveniently evaluated by
3.

using a Mori-Zwanzlg projection technique .

The resuLt is
tj: )2 2

where the static current susceptibitity is defined by

a- (O ) j 0 Olt3 '"
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and the memory function N is given approximately by the relaxation
function of the time derivative of the heat current Ay = Hj ICD 0

N L lim dt e- t dK <A + (O)Ay(t+iK)> (4)

0 0

For the molecular crystal KCN we use the following model HamiLtonian

P 2~L -L' ).Pa K+ L L L L'

H 2 1 X u a( K K a()u ( ,) +
L 2mc +C LKO L'K'B

(5)L21 ) V

+ - + V 5 n L n
2 + IXY2(2) Vno u aL n=1 Lno

Here the Last term is the, interaction between the translations u(IL of

and the orientations Yn( ) of neighbouring CN molecules described by

spherical harmonics.

From a suitable definition of the energy density h() and its

continuity equation the following expression for the heat current is

obtained

X X P ( a ) 0a ( ,) u()I )116)
Lia L'K'K K' K 0 uK

Here we have written down only the current carried by phonons which

is expected to give the Largest contribution to the thermal conduc-

tivity. For the caLcuLation of the memory function N we also need the

time derivative of A = [H,j ]. It is of the form A-Y u. For the

evaluation of the correlation function in (4) we use a mode coupling

procedure by writing

<Y(t)u(t)Y(O)u(O)> - <Y(t)T C; - <u(t)u(O)> )

For a first estimate of A the phonon propagator <u(t)u(O)> and the

static current susceptibility Cjlj) are evaluated in a Debye model,

and for <Y(t)Y(0)> the correlation function of a free rotator is used.

The resutting thermal conductivity A rot is shown in Fig. 1. Its

temperature dependence is determined by the beby* temperature

C0: 192 K) and the typical excitation energy of a rotation E rot
(k T.-2 1ZZ) 2 2 - 32(Te )V2 K where 1 is the moment of Inertia of KCN.

The magnitude of I is determined by the coupling constants v between I
rotational and translationaL motion. They can be expresq~d by two

constants C, & (see Eq. 2 of Ref. 4) which hkwve be. detormined by

a fit to the elastic constants: C 8 1630 K/, D £ 860 KIt.

Z. ,-oI
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Fig. 1: Temperature dependence

of the thermal conductivity in IN
0

the cubic phase of KCN.
x o:thermat conductivity re- an

suttng from coupling between

translational and rotational a

motion, Ii ,

x experimental result for its \
KCI (also shown in the insert

for a larer temperature

range),

X: predicted thereat conduc-

tivity for KCN.

lb abt is

For a reatisticaL calculation of the thereal conductivity we also

have to consider anharmonic interactions in the translational motion

(Uaktapp processes). In order to get an estimate of this effect we

compare, A o with the experimental result IK for pure KCI The
total thereal conductivity A shown in Fig. I is then obtained by

ro ~KCL*
Our result shows that in a medium temperature range T a 9 ,the

relaxation of the heat current is dominated by the inteIeSction of i
phonons with rotations, whereas at high temperatures anharmonic Um-

kLapp"Orocesses are eost important. Our result has to be considered

as an upper bound to the thermal conductivity of KCN aboge the phase

transition temperature T

I K.H. Nichel and J. Maudts, J.ChomoiPhys. kI~547 (197?).
2 J.N. Rowe, J.J. Rush, and E.- Prince, J.Chsm.Phys. #1, 51-4? (197?).

* 3 D. Forster, Hydrodynamic fLkutaions,' broken sysmottni*ond
correlation funttiena, Benjamin, Reading (95)

4 0. Stroweh. 1A, 94kr~dor, and W. l*aisrnf.1id, Solid, State Coesn.
J,559 $1979). -

S 1.3. beviatkova~tO~ L.A., Smirnov, Sov. Physiep *IQtid Stato _4, 18136.
(1963); j,1445"(1063). -
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PHONON-DISLOCATION DIPOLE INTERACTION IN LiF AT LOW TEMPERATURE

G.A. Kneezel and A.V. Granato*

Xerox Webster' Resea~rch Center., Webter, Sew.. York, U.S.A.

Unfiversity of Iliwoaa, Urbana, Illinois, U.S.A.

Abstract.-We compare the effects of Isolated dislocations and a somewhat larger density
of ed-ge dislocation dlipoles on thermal conductivity, specific hat, and ultrasonic velocity
and attenuation In alkali halides such as UPF. The motivation for this study Is to check the
Implication of earlier work where It was demonstrated that the effect of deformation on
thermal conductivity in LIF could not be accounted for by dynamic scattering by a
dislocation density equal to the etch pit density, but could be fit assuming scarng was
due to the "optical" mode of vibration of a much larger density of dislocation dipoles.

By irradiating previusly defor'med LiF [ 10] rods and renieasurlng the thermal conductivity,
Anderson and co-workes 1 2 have demonstad that the scattering of phonone by dislocations Is
predmnntly dynaminc--at leas below 2 K Although thelr resuts were qualitatively Inconsistent
with static stran fleld scatterinig they were also not quantitatively fit by previous calculations of
dynamic scattering effects. We undertook a csiculation* based on the vibrating dislocation string
model6 and taking Into account several details which others have neglected.-Iichudng phonon
focusing, resonance angle effects, and the resolved shear stes factor for each Incident phonon--
and confirmed that dynamic; phonon scattering by Isolated dislocations of a density A equal to the
etch pit density could not acount for obseved2 effect.tg

It became clear that the delecat responsible for scattering was a dislocation-lIke defect having
a higher resonant frequency (with a broader distribution of resonant frequencies) and present In
luger numbers. These conditions are met by the dislocationi dipole which is a pair of dislocations

of opposite sign on glide plaes a distance d apart. Dislocation dipoles are predominantiy of edge

chaacter, as screw dislocations of opposite sign croes glide and annihilate. Because the members I
of the dipole attract each other ther Is a restoring force Dy when the dislocations move In opposite
directions (fth optical mode of vibration) so that the equation of motion is

-Ad2yd12 + 13 idt _0 d2y/dx2 + Dy . bcskx.,t).()
The oiclresorwit frequncy ot the mth normal mode is

.uop(m) . (.ea. 2(m) +'[0/A) 1/ 2 _ r(m2w2C/L 2A) +. (fb2/g*A(1.v)d 2) 1 2 (2
where agd Is the 6motel moe resonant frequency, A lothes etlatv mass, 8 is the damping

ont. C is the Una tension, a Is the reeolved s~a stress L Is the length betwee pinning points,

acoualloo mode frequency, especilly for narrow dipoles. Long w&alenigth (?>)) stes waves
alle or the o p 1c W mode of vibrats becoms the dislocatins have opposites signs

Vistoall!rn ipole are beloved to greatly outnumber Isolated dislocations In deformed
orals. A -muaionls roll apees tbe 10-100, distributed puimarily at dipole wldt of 3b to

w0iwO most hoftn welihe les then a few hodred Angstroms so tha they are not easly

dsetd by elm* o id maoMoo or 00c piting thiques. A distuton of tete (for dipole

__~ I_ 7.. ~ _ __ I



C6-251

width nb) Is the exponential distribution A(n) = Ao exp(-(n-3)/No) for n3. The observed thermal
conductivity effects2 were fit by assuming No = 60 and a Koehler distribution5 of lengths with
average loop length equal to the ultrasonically determined value7 of 2 x 105 cm. If all dipoles are
on the (110) planes perpendicular to the rod axis It is found4 that 7.5 x 108 cm"2 dislocations paired
Into dipoles are required in order to fit the observed effects.2 However If some fraction of the
dipoles are on the other1 10) planes which scatter the predominant heat carrying phonons along
[110] LiF rods more effectively, then less dipoles are required. Because of the type of deformation
used2 most dislocations and dipoles are expected to be on (110) so that the number of dipoles
required to fit the thermal conductivity data is 10-30 times the observed etch pit density.

Vibrating dislocations and dipoles are expected to contribute to the specific heat of a
deformed crystal. The contribution by isolated dislocations (and also by the acoustical mode of
dipoles which obeys the same equation of motion) at temperatures above To = h1 1/k9 is8

Cac . w2pAa2NkBT/3Z# (3)
where w, is the lowest normal mode frequency, a is the lattic vector, Z Is the number of atoms per
unit cell, 9 is the Debye temperature (723 K in UF) and p is the average sound velocity divided by
dw/dk for the dislocation modes. At lower temperature the contribution falls off exponentially. For
a delta function dislocation length distribution L = 2 x 10 5 cm In UF, To-.5 K and

Cac - 2.0 x 10-1 5ANk9T/O. (4)
This same asymptote is approached at higher tmlperatures by the dipole optical mode contribution
Cop. This can be seen from equation (2) in that for the higher order modes (m>>l) wop-ac. For a
delta function distribution L a 2 x 105 Ocm and d = 00b, To-1.5 K.

The backround to which Cop and Cac must be conpared is tw lattice spncific heat at low
temperWe CL- =4kA(TI#)3 . Because of their liea tempertre d epenec i th ra vibrating

dIlocation diples m-- tho largest relative contribution at low T. At I K the arpnpiol dipoe
cotibutions we leathan 1% of the totel spewilic heet for A a 7.5 x 108cm2 . At lows'
topsrm the lner a.qmtc eapreshionis noionger valid md a numerical alculaton of the
dipole cotr um to the specific hed was per fom with two obectives 1) observ the fom of
the curves below te vmpiote and 2) dermne tieeect of anumng e ponentil dlostartloes

ofdI*ole ISe and widb a IIn Ow thermal conductivity Calculalone.4

_ _ For a delta fincmton distribution of lengths and widths It was found

2- i Ithat the silft (4) wee appre ached to *thin about 0% by Cac and
S -r. C % around SK and 1.K (sexpeted. The resultsOf the calculations

/ -- C.- Incorporating the exrpnent distributions of let and widths am
C di inm1prel ' u A'. 7.5 x 108 0M"2 . RWtln to_ "det

R 2. fUnon cuek It is foud tw Cac is Incrmed at alW11 pu wide
Cop irsed below -. 3K and dsecmed above (. An

/ pwnrmoom abw I K, C Cop-(11 + 1.0)xO-

I /
I t4IBT/*.M1he K tie dipole osio tribion foqr atdelet dslyILs .%

.t.tn fr gpo .l to I /T. -iivMve

2/ / Su=perlMenewor n~vhlch no caw es" o0 g twi~n

IS experimervtal eccursov) In the specMi hat of a viplnd' ome
Tim) kIon p esin by 48%
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Comparison of the predicted effects of dipoles and isolated dislocations can also be made for
ultrasonic velocity and attentuatlon. In particular the relative velocity change Av/v Is proportional
to 1 /W1 2 and the logarithmic decrement A is proportional to ., 2 /'1 4 for 0<<01. For dipoles only
the optical mode of vibration Is expected to be excited by the long wavelength strews waves.
Numerical calculations were made to compare the effects of a Koehler distribution of screw
dislocations (L = 2 x 10-5 cm) and of the edge dipole distribution used in fitting thermal conductivity
masurements(L=2x 10*5 N0 =60). Normalzed to the same defect densitiesIt was found that the
screw dislocation contribution was 10 thmes greater for Aviv and 100 times greater for A than the
edge dipole contributions. If the dipole density Is an order of magnitude greater, dipole effects
should certainly be obeervable--although not dominant. Irradiation pinning experiments should
especially be able to discriminate between dislocation and dipole contributions because w, of the
dilocationssproportional to1/L whilethat ofthe dipole isgiven in equation (2). The length varies
during Irradiation according to the relatont

L =L0/(1 + fit). (8)
Thus the time dependence of the velocity and attenuation changes during Irradiation pinning
should be lees rapid If dipole effects are important. For an UP sample deformed in 10o1l]
compression and measured by 10 MHz longitudinal waves at 4.2 K the Irradiation pinning result 7

suggest that there are not an order of magnitude more edge dipoles than screw dislocations.
However for this ample the deformation was much less so that the dislocation density was about 1
x 10~ cm-2, and It Is Aikely that the dipole density and with distribution Is somewhat dIffierent for
small deformatilon.

In conclusion we have considered the Implications of assuming a large density of edge
dipoles (previously deduced from thermal conductivity mesrements) on the specific hat and
ultrasonic velocity &nd stlsituaton In LIP We have found the specific heat is relatively Insensitive
to dislocations and dipoles In the expelcted densities. We also found that Irradiation pinning
ultrasonic memurement should show "h optWca mode efflects of edge dipoles It they are In fact
present In numbers an order of magnitude grefte thian isolated dislocations. Such memmurwnents
ahout be carnbd out on speciens deformed by a few percent. If possible It would be usefu to
mus the thema conductiiy fft on tne same sample. In this cae, lohertz ultrasonic

measurements would be more applicabl to the tAlcally rod-shaped thermal conidtxuctt samnples.
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PHONON 'ONDUCTIVITY DUE TO NONDIAGONAL ENERGY-FLUX OPERATOR

G.P. Srivastava

Physics Department, The New University of UVster, Coleraine, N. Ieland BT52
ISA, U.K.

Abstract. Using the Zwanzig-Mori projection operator method we
present calculations of renormalised phonons and their contribu-
tion to the thermal conductivity of Ge from the nondiagonal part
of the heat-flux operator given by Hardy.

Recently we' have used the Zwanzig-14ori projection operator method to

obtain expressions for the lattice thermal conductivity of an anhar-

monic crystal from the diagonal and nondiagonal parts of the heat-flux

operator given by Hardy2 . In the van Hove limit the diagonal contri-

bution is the well known single-mode relaxation time result', in which

only the true phonon frequency appears. But the nondiagonal contribu-

tion includes renormalised phonons, with shifted frequencies. Here we

present results of our calculations of renormalised phonons and their

contribution to the thermal conductivity of Ge from the nondiagonal

part of the heat-flux operator.

In the notation of Ref. 1 the expressions for the diagonal and

nondiagonal contributions to the lattice thermal conductivity are as

follows

-%2~aE W 2 C2 +) (1)3K= 9 i:i .i(Wi+l) i(i
3o i

Knd - B w c i _ __i______
j

Willi+ (Wi+l) ( -+()

+ho_ _2 _ i+

Sij- +j i

iit~a~

• • l mm i l I I"-"A
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Here i E (q,s), j E (q,s'), ij= i_+ j, ij H Im(i) -Im(j = -Ai  Aj

Ti I =Re(Si) + Re(6.) = (Ti +Tj ),

and - is a generalised group velocity. A and T are
ij qsthe freqengy shift and the inyerse relaxation time of a pbonon in

mode i and are, respectively, calculated from the imaginary and real

parts of 6i where

6= :n dt <[ri(t),r i>oe iw, (3)

with ri as a measure of cubic anharmonicity: H = Hharm + zF A. As
i i

in our previous paper in these proceedings we express ri in terms of
the Grneisen constant of the material

ri =- r , ;'2 l z , w'' A A(4)
3: P NO q'q'1qq q 4

q H (q,s). With this then

<[rq(t),r = >0 £ qE 10 12 <[Aq (t), AqoAq, 0]>o, (5)

whe re q q 1 qqq0

It , J2 T1"y2  W4JI' ' 9 (6)
qqq 2  

0 fl on  , ; +q

With equations t4-6) and a little bit of algebra, we can express 6i
for three phonon processes as

Co6q =.% -lq qqq- E 12 dt{(9P-fl') i(W+W'-w'')t (7)

+k (I+W' +I' ' }e i (C-'' )t}

From this a and 'q- can be evaluated using the relation
q q

Sdt •i(W ' - W' ' )t 41r(w±w'-w'') - P( ±W1 (8)
0
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where P denotes the principal part. It is interesting to note that
-1

Tq calculated in this way is the same as the result obtained usingq #4

the first order perturbation methods. -1

In Fig. 1 we have plotted A and 'r for the longitudinal mode at
-Iq q

300 K. Although T-q is an increasing function of frequency, Aq showsq qj
a pronounced structure at w N 25 x jq1 2 8-, W@ find that in general

A > r -1 and (w +j ) >> tq -, implying that a pseudoharmonic models is
q q 9q q

a good description for phonons in Ge. Furthermore, our calculations

show that K nd is negligibly small in comparison to Kd in the tempera-

ture range 10-900 K. A similar conclusion was reached by Hardy
2, and

Semwal and Sharma6 using qualitative arguments.

6 12

-- -- j .. 0

10
10 30 40 SO

Fg 1: The inverse relaxation time (T- ) and frequency shift (A)
for the longitudinal acoustic phonon mode in Ge at 300 K as a function
of frequency (W).
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CONTRIBUTION OF LOW-FREQUENCY LONGITUDINAL PHONONS TO THE LATTICE

THERMAL CONDUCTIVITY OF DIELECTRIC SOLIDS

R. Brito-Orta and P.G. Klemens

Dept. of Physics and Inst. of MateriaZ Science, Univ. of Connecticut, Storrs,
CT 06268, U.S.A.

Abstract.- Contributions of low-frequency longitudinal phonons
to the lattice thermal conductivity are estimated using the Po-
meranchuk mean free path and a cut-off given by the Akhieser
theory. The temperature dependences are compared with data for
rubidium halides, germanium and silicon.

1. Introduction.- Restrictions of frequency and wave-vector conserva-

tion in three-phonon anharmonic processes forbid low-frequency longi-

tudinal phonons to interact directly with thermal phonons. This

lengthens their mean free path and causes them to make a large con-

tribution to the lattice thermal conductivity.1  However, at very low

frequencies, i.e. at W<wc=l/Tth, where Tth is the relaxation time of

thermal phonons, the conservation conditions are relaxed, and longi-

tudinal and transverse phonons have essentially the same mean free

path. 2 The excess contribution of longitudinal phonons increases the
temperature dependence of the lattice thermal conductivity.

The present treatment is confined'to temperatures above the De-

bye temperature.

2. Phonon Mean Free Path.- For frequencies above wc longitudinal pho-

nons are scattered in a two-step process. First they participate in a

three-phonon normal process with transverse phonons of about their

own frequency. The transverse phonons then interact with phonons of

thermal frequency. The mean free path of a longitudinal phonon of

frequency w and velocity vi, as limited by the first process, is es-

timated1 ,3 as
II=(l/1O W2y2 )(T /T)(w D/)2 VI D/W2 (1)

where y is the Gruneisen constant, wD the Debye frequency and

To =Mv /k, where M is the average atomic mass and k the Boltzmann

constant. The mean free path of a transverse phonon of frequency w

and velocity v I, as limited by the second process, is

1iI(B/2y2 )(T0/T) VI WD/W 2 
(2)

-o- - - - -.
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where B is a coefficient of order unity which depends on the struc-
ture of the crystal and on the form of the dispersion curves. It
will be treated as an empirical parameter. Thus, the total mean free
path of the longitudinal phonons is 1I=LI+zIIV That of the trans-
verse phonons is simply AII.

Below wc the picture of interactions between individual phonong
is no longer valid. A phonon of very low frequency interacts with
all other phonons, as in the Akhieser theory of the deformed gas of
thermal phonons, and the mean free paths of longitudinal and trans-
verse phonons are of comparable magnitude, independent of tempera-
ture and approximately given by

2,3

YA=lo VwD/w2 (3)

where v is an average velocity.

3. The Thermal Conductivity.- Given the previous considerations, and
using a Debye model for the spectral specific heat C(W), with
vI=vII=v for simplicity, the kinetic theory expression for the lat-
tice thermal conductivity may be written as

A 4 C(w)vAdw + f ()v£1id.o1 V WC
+ Ci(w)vl1 dw (4)

where CI(w)=C(w)/3. Taking wc=v/II(wD)=(l/2By2)(T/To 0D and substi-
tuting the expressions for AI i and Z into Eq. (4) we find

A = Ao  (1/30v2y2)(T0/T)A + s (0) +I

where

= (3B/2y 2 )(kv 21a3 WD)(To/T) (6)

is, except for the constant B, the thermal conductivity derived by
4 3Leibfried and Schl3mann, and a is the volume per atom.

The second term in Eq. (5) gives the additional contribution of
the longitudinal phonons due to X1. The last term e, roughly propor-
tional to T, is usually small but may be appreciable at very high
temperatures for solids of appropriately high melting point. It is
a result of IA being the mean free path of all phonons of frequency
below w

4. Comparison with Experiments.- The deviation of A from the l/T be-
havior at high temperatures is in part due to thermal expansion. The
remaining part has often been ascribed to four-phonon processes.
However, four-phonon processes are too weak, and we attribute the
remaining deviation to the second term in Eq. (5). Using that equa-

- -- ~j**~ *.--
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tion, with A corrected for thermal expansion, we have calculated

the thermal conductivities of RbBr, RbI, and RbCL, and we have com-

pared them to recent measurements; 5 those of Ge and Si were similar-

ly compared. 6  Selected ratios with respect to a reference tempera-
ture are shown in the table below. The theory seems to give agree-

ment with observed temperature variations except for Ge (and for Si

at temperatures higher than 1100 K.). However, no correction has

been attempted for a possible electronic component.

One of us (R.B.0) is on leave of absence from the Universidad

Autonoma de Puebla, Mexico, and acknowledges support by CONACYT

(Mexico).

RbBr RbI RbC1 Ge Si

TR(K) 360 360 360 600 600

T(K) 280 160 280 160 280 160 800 1100 800 1100

Exp. 1.47 3.09 1.38 2.86 1.43 3.00 0.72 0.63 0.67 0.44

Calc. 1.40 2.98 1.39 2.91 1.39 2.95 0.68 0.46 0.67 0.43

Table 1: Experimental and calculated values of X(T)/X(TR
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DETECTION OF ACOUSTIC ZONE-BOUNDARY PHONONS BY PHONON DIFFERENCE

ABSORPT ION

H. Lengfellner and K.F. Renk

Inetitct fib Anqewandte Phyeik, Universitait RegenabuMg 8400 Regensburg, P.R. CL

Abstract.- A new method for detection of zone-boundary phonons
is reported. Phonoas are detected by phonon difference ab-
sorption of far-infrared laser radiation. We present experimen-
tal results obtained for TiCi and TiBr crystals. Phonons are
generated by nonradiative transitions in optically excited
crystals. Our experiments indicate long-lived zone-boundary
phonons at low crystal temperature and a strong decrease of
the phonon lifetime with increasing temperature.

1. Experiment.- Phonon difference absorption is used to detect zone-

boundary phonons in TlCl and TIBr crystals. The principle of this new
method of detection of high-frequency phonons
has recently been published and is

characterized in Fig.1. The population of

1 TIO transverse acoustic phonon states is deter-

mined by far-infrared phonon difference ab- !
sorption. In a phonon difference process a

2 &transverse acoustic phonon (TA in Fig.1) is

FPt annihilated and a longitudinal acoustic phonon
(LA) is generated. The two phonons have the

0 same wave vector. The absorption coefficient

qlq... is proportional to the difference of the
occupation numbers of TA and LA phonon states.

Fig.1. Principle of Phonons are generated by radiationless
phonon detection, processes induced by optical excitation of the

crystal. The radiationless processes lead to
generation of high-frequency phonons which decay rapidly in TA

phonons of the lower phonon branches. The optical absorption is due
to impurity -tates of unknwn crigin. For the optical excitation

second harmon-c radiation of a odsYAG laser In used.

The pbmons are detected by time-resolved far-infrared laser

spectcoscopy. 2he rediatios of a VC laser with saissio at a fre-
quency of 0.89 Ws is tr itted throngh the optically excited

'=- i* ~ II I I
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crystal volume (typically 2 mm diameter and 4 mm thickness). The

transmitted laser radiation is detected with a fast InSb detector
(time resolution 0.7 us). The phonon induced change, of sample trans-
mission leads to a time dependent detector signal which is analyzed

by a transient recorder and averaged with a computer.
The far-infrared laser radiation is absorbed mainly by phonons at

the zone-boundary as has been shown by far-infrared absorption ex-
22periments at different crystal temperatures. 2The TA phonons in-

volved in the absorption process have frequencies near I THz.
2

2. Results.- We find that the optical phonon generation leads to a

reduction of sample transmission. Experimental signal curves obtained

for different crystal temperatures are shown in Fig.2. At low crystal

temperature (TA 5 K) we find after the optical excitation a signal
that decreases with a nonexponential slope. An analysis of the decay

curve at longer times (not shown in Fig.2) indicates that a nonther-

mel phonon population is maintained for about 100 us. After this time
thermal equilibrium in the optically excited crystal volume is
established. The decay curve (lower curve in Fig.2) can be described

!, . ' Tm13K

Fig.2. Far-infrared
absorption at 0.89 THz

"IK ' after optical excitation
of a TlCl crystal.

20 W

t (PsMc)

by two exponential curves, where the fast decay has a time constant
of about 5 vs. At higher temperatures the decay time of the fast

decay decreases with increasing temperature, at t3 I (upper curve in
Fiq.2) the fast decay occurs Vithin 1.5 uis. after the fast.ldecay, the

signal curves reach as almost constant slope. Our results indicate
that at higher temperatures thermal equilibrium is established very

V_ _
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fast and that heat diffusion out of the excited volume occurs very

slowly. We think that the fast signals are due to long-lived TA

phonons. Our results indicate that the TA phonons have a lifetime

of a few microseconds at low temperature and that the lifetime de-

creases strongly with increasing temperature.
The temperature dependence of the phonon lifetime is shown in

Fig.3 for TIC and TlBr crystals. We find th-t the lifetime for

TIBr has a stronger decrease than the lifetime for TICM.

T (K)

3 T in 2

Fig.3. Lifetimes of
zone-boundary phonons
in TIC and TlBr.

03 0.2 0.1 0

3. Discussion.- According to nonlinear elasticity theory for isotropic
dispersionless solids3'4'5 hLgh-frequeny "LA phonons have short life-

times at low crystal temperature due to anharmonic spontaneous decay,

while TA phonons are not allowed to decay spontaneously. At higher
temperatures TA phonons can decay by the interaction with thermal

phonons. 4 Our results can qualitatively be explained by the nonlinear

elasticity theory. We attribute the lifetime at low temperature to

mode conversion of the ft phonons into LA phonons causia by impurity

scattering. At higher temperatures we obtain an additional decay

mechahism caused by the interaction with the'rmal phonons. Our results

are in qualitative agreement with predictions of theory.4

I Lengfellner, H. and Ronk, KF., Phys.Rev.Lett. Al, 1212 (1.981).

2 Lengfellaer, H., Rindt, R-, and Renk, X.F., 4.1phys.9 , 11 (1980).

3 Slopiaski, G.L., Zh.Mcwp.Teor.FIs. 7, 1457 (1937).

4 Orboah, R. and Vr.Mevoe, L.A., Physics 1, 92 (1964).

5 Klemens, P.G., J.Appl.Phys. 38, 4573 (1967).
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TWO-MAGNON-ONE-PHONON SCATTERING IN THE LATTICE THERMAL CONDUCTIVITY OF

MAGNETIC INSULATORS

G.S. Dixon

Oklahomax Stat. University, Stillater, OX 78078, U.S.A.

Abstract.- A simple, but general model of magnon-phonon scattering as an ex-
tension of linear spin-wave theory is presented. Both resonant one-magnon-
one-phonon and two-magnon-one-phonon scattering processes are considered.
The former are included in the thermal conductivity by diagonalizing the
magnon-phonon Hamiltonian to obtain coupled magneto elastic moe. The two-
magnon-one-phonon processes are treated in the relaxation time approximtion.
This model has been used to analyze the experimental dependence o~f the thermal
conductivity on temperature and magnetic field for sevesl antiferromiagnetic
and ferromagnetic insulators. For'the materials studied to date the two-
magnon-one-phonon processes are found to dominate over the resonant process.
This can be attributed to the greater width of the band of phonon frequencies
affect by the two-magnon-one-phonon processes .. in applying the model to ex-
periment some care in the transformation of the spin-Hamiltonian of this
transformation may contain important contributions to the magnetic field d-
pendence.

The thermal conductivity of magnetic insulators is strongly influenced by

magnon-phonon interactions (NP!) which axime from the sensitivity of the exchange,

crslcfieldt. ano secod orderainn ahespngdai the magnetic hamirliha

crstlalcfields, and sedoeinerainespi amongin the magnetic ostHemirlnatives

the general fora1

'i~m i~s XPVi(u)j~n) i~m) i(m)j(nl 1(10)

where i (s) refers to the ith site on the mth sublattice and X, v stand for +,-and

Z. cgntains the terms quadratic in the spin deviation operators on the

sam lattice site. When truncated to second order in the spin deviations, this

form the starting point for conventional linear spin-w"ve theory. Inclusion of

the position-dejpeadence! of the terms in N.also given the magnon-phonon inter-

actions (NP!) up to two-manon term,.

A general procedure for such a treatment of N4P! has recently been developed.

Brief'ly, one proceeds as follows: (1) Expand IL as a series in the lattice dia-

placements. (2) Apply the Holstein-PrivAkoff transformiations2 that diagonalize K

with all ions at their Wuilibtiid sited. (3) Otain 'cbs too-sagnan-one-phonon

(2N3P) relaxation tims froi conventicnal. pekttorbetion theory. (4) Diagonalias the

Hamiltonian for magnone ard phontis, inciucling; ofie-voynon-ome-phonon (1dV1) taxi to

obtain magntoelastic obuple& modes.3 Details of this piooedue have Iee given

elsewhere. 4,
5

________________ 27-
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There are compelling reasons for using this or some similar method to obtain

the MPI amplitudes and relaxation times in the analysis of experimental data. Most

important is the strong dependence of the matrix elements of the l'olstein-Primakoff

transformation on magnetic field whenever the applied field is not parallel to the

sublattice magnetization. This can provide the dominant field-dependence of the

MPI. Secondly, such a procedure reveals the connections among the various 1fI

scattering amplitudes. This makes it possible to identify caqcellations U the MPI

in high-symetry situations, and to minimize the number of potential disposable

parameters when a modulation of a small subset of the contributions to 21, e.g.

isotropic exchange, can be expected to dominate the MPI.

A comparison of the thermal conductivity as a function of field perpendicular

to the easy axis to the results of this model is presented for MC1 2 .4H 2 0 in Fig. 1

and CoC1 2 6H266 in Fig. 2. Results for fields pirillel to the easy axis f T a

ferosmagnet 5 and an antiferrcmegnet 4 have been presentd previously. In each of

these cases the 2NIP processes are found to be;much more important than thp IMIP

processes due to the greater band-width of the:phonons that they affect.

f0
0 0

0

rig. 1 Magnetic-field dependence of
0 -the thermal ondactivity of NnC&2 ,48 2 0

3 0 with the field and heat flow perpendic-
utar to the easy axis. The curve is

NWV.V the result of 22IP scattering arising
Ktmabs. from exchange modulation. The pbonons
?'8524 are strongly coupled to the lowest

energy magmon branch, which is depress-
ed by the field.

'I !
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00

0

Fig. 2 magnetic-field dependence of
0 0 the thermal conductivity Of CoCL2 '6H20

(3sf. 6) with the field and heat flow
UM CCV%0perpendicular to the easy axis. The

dashed curve is the result of IMIP
N#/ b a~d processes reported in Rsf. 6. The full
T-0.66K curve is obtained with 2IUP scattering

fromi modulation of single-ion aniso-
tropy. At low fields this no qles the
phonon to one inagnon on each branch,
their total energy being raised by the

01 field. At higher fields the strongest
H/It coupling is to a pair of magnons on the
WHO lower branch.

1. L.R. Walker in Magnetism, Eds. G.T. Rado and H. Suhl (New York; Academic Press,

1963) Vol. 1, pp. 299-381. _I
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4. G.S. Dixon, Phys. Rev. 321, 2851 (1980) and -, V. Benedict and J.E. Rives, ibid.
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5. (3.8. Dison, J. Itays. Ct Solid State Phys. 14, 2147 (1981).
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LOW TEMPERATURE THERMAL CONDUCTIVITY OF Hg1 2 SINGLE CRYSTALS

A.M. De Goir, M. Locatelli and I.F. Nicolau*

Srvitoe dea Baaaee Tmvdratusrea, Laboratotire do Cryophys8que, Centre d'Etudee
NucUaire, de Grenoble, 85 X, 38041 Grenoble Cedex, Fraee

Laboratoire d'Electronique et de Teohnologie de 1'Infowztique, Laboratoire de
Cri taZlog nJe et Reoherche suia lea Htdr au, Centre d1tudee luclZairee de
Grenoble, 85 X, 58041 Grenoble Cedex, France

Abstract - The thermal conductivity of c-H912 single crystals has been mea-
sured from 50 1K to 200 K, and the results discussed qualitatively and quan-
titatively. It is concluded that phonons are scattered mainly by clusters of
interstitial defects due to the lack of stoichiometry of the crystals.

Experimental - Several crystals have been studied, which were grown either from solu-

tion (LETI crystals) [1] or from the vapor phase (EGG-crystals) [2]. The samples are

, parallelepipeds of typical cross-section 3 mm x 3 mm, generally cut along a-axis

except one which is parallel to c-axis. The deviation from stoichiometry of the

LETI-crystals has been already studied [3].

Results and qualitative discussion - The results of the thermal conductivity measu-

rements from 50 mK to 200 K are shown in fig.1. The main features of these results

are : (I) the anisotropy of the thermal conductivity K in the whole temperature

range (ii) the sample dependence of K below 10 K, (III) the departure of the expec-

ted T3 variation down to the lowest temperatures, which is illustrated in the K/T
3

plots (insert of fig.1). The calculated values of K/T3 in the boundary scattering If
limit are about 1 W cmrl K-I and are not reached even in the case of the crystal

LETI 14, indicating that phonons are scattered by structural defects. The shape of

the K/T3 curves suggest the possibility of a resonant scattering at very low tempe-

ratures (T < 5 10-2 K), giving some evidence of the presence of large clusters of

defects, with typical dimensiors equal or larger than 0.3 pm [4].

Quantitative analysis - The thermal conductivity has been calculated within the sim-

ple isotropic Debye model [5]

I x 3  X ex / (ex- 1)2 dxK 21 2 V . T-I(xT) d

with a total phonon relaxation rate

-1 a T -1 + A,4 + Tp: (1)

In a first step, the classical contributions from boundary scattering (-B" ) and

isotope scattering (Ao 04) have been calculated, and the phonon-phonon interaction

term adJusted to describe the results in the Intrinsic temperature range T > 15 K

(r1 ; -" % *2 T exp (-6/T), with different values of and s for samples #/a-axis
p-B

aid fl c-axis). The theoretical curve such calculated for the sample LETI 14 suppo-

_ ~.--.-- -----.---. _
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oLET 14 ; X, LETI-16 (a)
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.o 104 .A, LETI-16 (b). Solid lines
0T.OO are calculated.

sod to be perfect is shown in flg.l. The experimental results of all samples pi a-

axis have been fitted justing the frequency independent term iand the point

defect coefficient A. iherefore phonon scattering by structural defects is descri-

bed by the parameters Tc-1 - (Ta-e)exp.- (TB-1 )calc. and A - Ao . In the case of

heat flow // c-axis, it was not possible to achieve a fit in this simple way and it

was necessary to add a term Gw2 in the total relaxation rate (1) ; this term des-

cribes phonon scattering by plane defects [6]. The parameters used are given in 4
table 1 and examples of fits are illustrated in fig. 2.

TABLE 1

Sample c' A-Ag NcG!3)tio

(s-1) (s (cm-s) (s) prientation

LET! 14 7.8 105 6.10-44 9.2 109  0 H a

LET! 13 1.6 106 1.9 10- 3  1.9 1010 0 / a

EGG-S3-7 4.6 106  2.6 10-43  5.4 1010 0 // a

LETI 16 (a) 9.7 106  4.3 10-43  1.1 10ll  5.8 10-'1 # c

LETI 16 (b) _1.5 107  9.10-44 1.7 1011 2.3 10-' I/c

, -7,__ _I
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In the limit X < d, phonon scattering by large clusters is described by a frequency

independent relaxation time :

Tc-' =N c  v 'r d
2/4 (2)

where Nc is the number of clusters /cm3 14]. The values of Tc-1 are larger for

samples // c-axis than for those HI a-axis by a factor 2 to 10 (cf. table 1) so that

the clusters look somewhat anisotropic. If the dimension along c-axis is > 0.3 Mm

as estimated above, the dimension perpendicular to c-axis would be 1 tm or larger,

and the corresponding cluster density Nc = 1.1 101
0/cm3 (from equ.(2)).

On the other hand, the increase of the point defect scattering A-A0 , which is rela-

tively small, could be due to (i) chemical impurities, (ii) interstitials due to the

lack of stoichiometry [3], (iii) very small precipitates, in the limit A - d. The

contribution (i) of the known chemical impurities including carbon has been calcula-

ted from mass defect alone, and found to give the correct order of magnitude of

A-A0 , so that the two other scattering processes cannot be operative. In fact, the

contribution (ii) leads to values of A-A 0 about 30 times larger than the observed

ones so that the interstitials (Hg or 12) cannot be isolated even In the best crys-

tals. We suggest that the large defects discussed above are clusters of such inters-

titals. From the sudy of the stoichiometry of the crystals T3], the number of 12

interstittals in LETI 13 has been estimated to be = 2.5 1019/cms , and this number

could correspond to the total cluster volume of = 3.10- 3 (calculated from

Nc . 1.1 J020/cm3 ) if there are two interstitials per unit cell. Therefore the ove-

rall description seems to be consistent. This work will be published with full details

elsewhere [7].
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THE EFFECT OF NONMETAL-METAL TRANSITION DUE TO DOPING ON LATTICE

THERMAL CONDUCTIVITY : APPLICATION TO Ge-DOPED InSb

P.C. Sham, K.P. Roy and V. Radhakrialman

Physies Deparent, Btaras iHin University, Varaai-221005, India

Abstract.- In this work we explain the phonon thermal conducti-
vity results of Ge-dopqd ImSb from; to 50 K for impurity
conentrations 7.2110T and 8 ,OX10 17 era3 . Sine these lie in
the Intermediate concentration region of the metal-nometal
transition the theory of scattering of phonon by boles in the
sid state, i.e. both In the locallsed mn-mtallic and in the
metallic state is used. The hole concentrations in the non-
metallic- andmetallic regions are calculated for smob sample by
using MNkoshiba' a ioogenelty model, the theory of both bound
hole-phonon and free bole phonon scattering are applied to
explain the remalts. The value of density-of-6tates effective
mana are kept oonstant- (=0.23) with the variation In temperatura .
The value of the dilatation and shear deformation potential
constants obtained from our ealculations are in good agreement
with previously determined values. The effect or Impurity
scattering due to doped Imptirities alongwith isotope scattering
Is also taken into account.

It is reported that in the intermediate concentration
range the mixed hole-phonon scattering must be included to
explain the temperature dependece of thermal conductivity of~G-dopd Tn~b.

Introduction. - The phonon thermal conductivity of p-In~b doped with

Go, has been studied experimentally CL918 for acceptor bole eonoont'a-

tions from 2.7?1O14 to wzl0L cim1 . in the low concentration region

well below the critical concentration for nonmetal-metal transition

(IO) the holes are bound to the Impurity stons and In the high

Impurity concentration reglon, they are fie* in valence band. In the

inteimdiate doping concentration near wo, the boles eist in a mixed
state. Using Nikoshibls Pldomogenelty mode2*, the aeceptor bole

concentration in both non-metallic and metallic region can be

oaleulated. In the present work we have chosen two samples of p-ludb

wltb 907.2z107 and 5 0 1 7 sm. Using Mott#& expression the

erltleal eonoentration for metal-nonmetal transition (No ) owa be

given as 3u (.SS/a) 3 where a° is the effective Bohr radius or the

. . .. . ' . ., , .-
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impurity and the concentration at which Fermi level merges with

valerne band Is 11, = b-+(a) 3 . Using a* - 3a 1, the values N and

Nvb are calculated to be 2.8411017 and 1.45x103B M-3 for p-Indb.

Using Mikoshibas tnhomogenetty model the hole coneentrations In

nonmetallic and metallic regions can be calculated as Nn = N ep

(-~ 3 adN *-. hr r.1~ 1  (,AAJ..2)%13 a * -For the
3 0 17n ~=(NN)wee 0 .l-~

ample of p-InSb with N = 7.211017 am-3 the values of Nn-0.64xlO17

and V = 6.5521017 ci3 and for the sample with N - 511017 ONCm9

Nn = 0.936x1017 and W - 4.061017 em"3 . * Using the relaxation rate

of bound hole-phonon scattering, for the holes in nometbllic region

and the relaxation rate for free bole phonon scatterimg for the boles

in metallic region, the phonon conductivity values'of these two

samples in the intermediate doping concentration ar explained well

between 2 and 50 1.

Theory.- The relaxation rate for the bound hole-pbonon scattering

Is given as

N~)(2 4 D0  4 4 2
-1 N 2 e (f/q. 2OD4 + 120D +60

where f(q) - (1+1/4 a*2 q2)-2 and D =:/Du,

Da and Da are the shear deformation potentials for the strains

along 013and l1 direction, q is the phonon wave vector, v Is the

average phonon velocity and i Is the density of the crystal.

The aocep'tor boles in the metallic region can be considered to

be free In the valence band and the relaxation rate for the scatter-

ing of phonons by free holes for q AC sky to given as

Ct1) me C2 kgTjj i lexv(n *e VT.pTX2 + 1/2)
p q , gk. 2T .T t rnv l+exp('"- V/-P - /2V)

where N = me V2 /2k; .1p= k/8% and vw* u 223,1)

in is the density of -states effective ues and C Is the dilatation

deforation potential. or phonon wave vector q7 2kF,tb

relaxation rate for the scatteriL of pbonons by free boles Is given

The phonon the1z& wndatlylty can be aloulated using l p "

...ree.loe by the .. o""
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Results and 9eoustolo- By considering the realistic hole-pbozon
scattering relaxation rates for the doped samples of p-Inzb in the
intogmediato concentration region, the phown oondctivity values
are explained satisfactorily between 2. and 50 K-es shown in the

figuiu.l The theoretical analysi of hole phonon scattering

establishes the existenee of holes in a mixed state i.e. both in

bound and free impurity states in the region of present interest.
The values of shear defozmat~on potentials determined by our

theoretical analysi are 2.8 *V and Du0 = 4.2 aV n which ae in

agreement wM h;g peri mntal values. The dilatiktion deformation

potential pnsant are 1.4 eV and 1.3 eV, for the two samples with

N 0 7s2K!0 l 7lz a SXI ? am' The, scattering due to doped impurities

Is also oonsidered, in addltion to isotope scattering in the calcula-

tion for point defeat scattering parameter. The values of the

parameters are given in the Table.

Table.- Parameters used in the calculation

a* 381, M*/n o.2s.9 ve2. WOOc m 1

't I GXIOA 8-39 &. -23g -i 3
A = 4.360" s3, B = 8.-73a.O a K"3

*1 6

1 0 I0 1

- ,-. , . , .

- i 1 s ,UK.,M,

2 5 I0 20 50 .'-- -o -0 -

I.Or-.- Thema #*apls s a function of
Teperzaze. ',

2. 5.8.8Oalyt, P. Bug, . . * os ,ua u.lA . lI,. ')i
3. V.adbakridIn & P .CeSma Phys.3e. IO,04(21).

-'a- t 7 4
. ,i .. • .. ......... P .,



JOURNAL DE PHYSIQUE

CoZZoque C6, mppZient au n*12. ftme 42, ddeembre 1981 poge c6-271

THE EFFECT OF DISLOCATIONS ON THERMAL CONDUCTIVITY

R.A. Brown

School of lMtheaztiaa and Phzieics. Macquarie Universityv, North ide, )I.S.F.
2113, AustrZia

Abstract: Phonon scattering by the strain fields of deformed crystals
is formulated in terms of the third order elastic constants. The thermal
restivity due to dislocations is calculated. Theory and experiment are in
accord for Cu, Al, Ge and Si but not for LiF.

1. Als: To formulate the problem of phonon scattering by the static strain

fields of crystal defects in term of the third order elastic (TOE) constants,

and to calculate the thermal resistivity due to dislocations.
2. Formlation* A cassical formlation of the equations of motion of a
statically deformed continuum was presented by Kogure and Riki/Il/. The system

may be quantized to yield the hamiltonian

H Zh%.(b~b + -i) + j,(hbb, + .
where V is the volume of the deformed body end K (Jk).- (polarization,

wawevector). The operators bK satisfy the usual comutation rules and
S,. -(h4/4) ni. e). + (. (kok'/ 2)e(z)e 1c') -if: + Coy6& , (1)

where repeated soffice* dre summed. The ea(K) are' polarization vectors ad s0 I

the dosity of the undefoxesd eystal. The m( and') a I(k-t') eo Fourier

trassfsims of te statie otmum aj(6J) ad of Uij,_ ,- -CJklnpp + Ci.knmlp +

clipl4p * Clw o * C jto, s-otivel. the C's ate the aeual -elastic

moduli/2/. Due to cancellatim 6'f eree tis 'vhen (1) is squared we have, to a

good appimeution,

~h,.,0 a y fhys~~ kIIyeC( C~~ K' II0~ii a a

(2)
TMe fst W2t If Niftftbiy Oaft "IntA j*WCf * ifl 1i &tPpeJ If 04 folloW

n"Ofot / aw met It'l5t b-

W 1 + I.I 2 I.1) + (I IFsI )+ 2112)

+ C(; 1 , 4 m+ a + 3  i mim j + complex conjate) (3)

11." Is. -



C6-272 JOURNAL DE PHYSIQUE

A - (C + 3C11)
2 + 4(C 112 + C 12 )

2 + 2(C 123 - C 12 )
2 + 2(C 1 12 - C10 2

+ 8(C 166 + C 44)2 + 4(C 144 - 442

B - 8(2C 166 + C11 + 2C 44 ) 2 + 160C144. + C;11) 2 + 32(C6 5 4 + C#)

C - (C111 + 3C11)(C 112 - C11) + 4(C 112 + C 12 )2 + 2(C 123 - C 12)(C112 + C 12)

+ 80 1 6 6 +C 44)2 +4(C 16 6 + C44 )(c 1 44. - C441 )
The C's are the elastic constants in Voigt notation.

3. Dislocation Thermal. Resistivity: In cases vhere the frequencies -i v 'k are

not degenerate and the dislocations not all parallel it is necessary to use the

variational foruulal4/

W dis - (V/2kBT 2)XcK,(*Kc - +*,)2 pmcI/IZKv K# dno/dTI2, (4)

FtC - Id(8W/hIV2)jhd 12 no(I + 80)6(uc - Wo,) (5)

where k Bis Boltzmann's constant. The sun in (5) is over all dislocations In

the crystal, which are assumed straight but of random orientation and
arbirarychaacte. lbn te reistvity tensor is Isotropic, we expect the

standard trial function 4. t.VT to furnish a good approximation, particularly

since it removes the singularity from 5he forward scattering amplitude for each

dislocation._______ It yields in (4) _______

disocaion 1t yield in (4) LafC , 3 -'6
wWhIb "5 72pa 'T T f +
72pk T ee 5 - 6

where L a L are the total lengths of edge and screw dislocation, respectively,
fe . 1144f . (1-vr2 1A(-A - v + 318) + B/16 + 2C(v2 - v/2 + 1/16)1

in a crystal of (average) Poisson's ratio v,,aud

We have followed-previons authors/3,3,6/ in averagiV4 (3) over directions In the

plane normal to each dislocation. IMe corresponding relazation rate for a

density N (lent/volumm) of rade tyevmated clislocat ions is Y ju where
r -b 2S (f + 2f )/1296p2 a E dggd 9 (7)

For random characters we take La- 2L/3 - 2L. in (6) for a total lautk L of

disloeativn line. The elastic cqnstajos of- /7-JO/ were adoptod. -The sums 8a

were *valuated for the 11001, 11101 and 1111) directions and the arithmetic man

was taken. The roaulpe a" obown ina bs tabl~v, To chmqk,.O Fellabillty of the

trial function we rapqkstod the calculation fer; the aeot w;*rlle dis1qcatioas

and degenerate polarization bramehe, a casw 010i lsod.e tArentable Boltpon

$ .F-7
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equation. The results suggest that the upper bound (6) overestimates the true

resistivity by a factor 4/3 when either dislocation scattering or electron-phonon

scattering dominate, and is exact if boundary scattering dominates. On the other

hand the proportion of edge dislocations in deformed crystals is normally mch

greater than 2/3 of the total so this overestimation will be largely

compensated.

Crystal I (L/V)(T
2Wd8)-I r(i o16 cm

2 )

(107 WCu-3K)

Eqn. (6) Experiment* Eqn. (7) Kleusns/3/

Cu 2.1 2.5 ± 0.3 77 0.61

Al 3.8 4.0 39 1.9

Si 8.9 8 ± 2 11 0.24

Ge 10.6 8.4 15 0.26

LiF 6.2 0.14 - 1.2 14 0.59

• We have doubled et* " It counts to get length per unit volume.

A detailed discusieon of the data will be given elsewhere.

4. Conlustmt The theory is in agrteadnt wish data for Cu, Al, Si and Ge. For

LW the theory underestimates the resistivity by a factor of 5 (data of /11/) or

40 (data of /12/; a similar discrspaucy-appate for other alkali halides /13/).
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MODULATION OF BALLISTIC PHONON FLUXES IN Ge BY A He GAS FILM AT A SOLID/

SUPERFLUID I NTERFACE

M. Greenstein and J.P. Wolfe

Depavtrnet of PhYsios and Hateriala Research Laborctory, University of ILinois
at Urana-Chmrai gn, Urbana, IL 61801, U.S.A.

Abstract.-A He ga bubble my be formed at the surface of a sample which is
immrsed In a superfluid U. tooling bath and subject to intense optical exci-
tation. We have discovered that this bubble oscillates at 1-10 Usz, under
steady state optical excitationo and this loado to a modulation of the bal-
listic phofion flux intensity into the sample.

Focused laser excitation is coamoily used to generate free carriers and pho-

nons in crystals at low temperatures, For samples Immersed in supetfluid He and

unider high optical excitation density Q, 100 V/cm2 ), a smell Be Wa film or bubble

ay be formed at the excitation point. The existema of Us gos film created by

ohmic heat ing has bean previously noted,[lJ. This pape deals with har the photo-
-produced gae bubble modifies the ballistic phonon f 1am into the sample. We have

observed similar bubbles on Go, Si. AL., Ml but here we concetrate, on pare erystal-

line Ge. We hawe used time resolved light scattering, pbeson f lux detection, and I
Infrared luinescence Imaging to study this He gas bubble, Its modulaton of the
ballistic phaon flux sad the effet of the bubble on the transport of electron-

hole droplets to Ge.

The most intriguing aspect of the bubble is its tendency to eseillate In size
under steadystata excitation oseditions. The dynamic propsities of the bubble my
be exposed with a simple tims resolved Usht scattering technique. An hr1 laser

(51451) Is used to create the -ba, while the light fron a low pes! Us Ne probe

laser (63281) is scattered off of the bub~ble. The scattered light ts detecte" with

a fast photq4Aods. The .scl;1 Ioo of tho! AbW* t Ishw m.In 1g. I as a function

of Incident Ar+ laser posts for fmppsm4 (10)"om) excitation at T w 1. 74 9. Bers.

the AW' laser to chopped at 1 =a to epudbmse tOe buble oeel~alam for display

And to Ghow thik 96latL" Offiidl Of the aaillatoM effect o the seettered light

sivial. In fact, such eaiJ1teen e, also abfve &Mr steo6y s At excani-

tatto.
lhe asxim bubble diameter my be measured by sc-asan the No No probe laser.

The relationship bewss oscillation tsequseew ad bubble dimter was obtained as

a function of AW' emettatiam, pawer, asow An 11g. 2. the bubble frequency do-

Vonds am diameter s v . tbaeaore lasgar bubblas oscillate more slowly.

-- 7
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Fig. 1 :Power dependence of the bubble Fin. 2 :Oscillation frequency as a£uc
oscillation frequency at T - 1.74 K. tion of bubble diameter.

What is the cause of this oscillation? The dependence of v on D asgim

against simple capillary modes for which V ^. D73 1 2 . To resolve this issue we have
devised a stroboscopic Imaging technique (to be reported elsewhere) that reveals

agradual growth end sudden collapse of the bubble diameter as a function of time.

Wetherefor& conclude .1hat the oscillations arise f rom a mechanical Instability of
the bobbkLe in the superfluid bath.

Opticeal excitation of Ge at low temperatures produces a ballistic phonon flux
which can be detected with a superconducting bolometer. To measure the effect of

the bubble on this flux, two coincident laser beam are used: A ow Ar* lasr ere-

&tee the bobble, and a Q-witchked YAG: Nd laser presidea a reference (5711, 250 as)

heat pulse for comparison of intensity. The detected phonon signal from this ex-

perimt is shown In Fig. 3. The inset sohms the hoat pulse that sets the Intensi-
ty scale. The phonon flux intensity modulat ions earned by the bubble are observed
In the tail of the heat pulse. These modulations are about 1X of the heat pulse

Intensity.

Optical excitation of Go at liquid He temperatures also produces a cloud of
electron-hole droplets. The sime and shape of the droplet cloud in Ge are dater-

mined by a "phonon wind" produced Indirectly by optical excitation 12].

A modulation of the electron-hole droplet cloud size by the bobble is observed

In a spatial profile of the cloud. The cloud profile is recorded by passing a
focused infrared Image of the recobinatioe luminescence (A - 1. 75VE) across the
spectrometer slit. By defocuslag the laser. the excitation density can be reduced

belm the 100W/cm2 optical pomet density threshold, for the bobble. A hysteresis Is
observed In the power density required for the bubble to can an end to go off.

IbIs hysteresis ef fect is moed to isolate the effect of the bobble an tke
cloud ase for a given optical paver. figue 4a shows for reference a cloud pro-

file for focused (lD00o) excitation. The remstaing traces are for a
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500z excitation snot diameter. Trace b) is am-

obtained in the hysteresis region with the No q ='

bubble on. Trace c) is thes obtained after W o

momentarily blocking the laser to remove T (00)

the bubble. The cloud venetrates 1.4 
times -20.

as far into the samvle with the bubble 0 I 3 4

_reaeft. Th* spatially integrated total Fi.3: Phonon flux modulation by

lminesceace remains unchanged, indicating by the bubble.

that this is truly a spatial redistribution.

We conclude that the bubble reduces the pho- P - 300ro

non transmission into the bath, increasing =1.4K

the flux reflected back into the sample and FOCUSE

thus increasing the total phonon flux.

In Fig. 4, traces a), b), c) were re-

corded slowly with a 0.15. time constant, o (a)

no ocillatory phenomena was observed. In

Fig. 4d) we see that the cloud shape does (bi
actually oscillate in time, synchronous with i ON

the bubble. Here the cloud profile is digi-

tised in one quick sweep with a 100w time

constant. This is a novel demonstration of

the fundammmtal role that ballistic phonons ON

play in the spatial distribution of electron- 3 2 0

hole droplets. Z (mm)

This work was supported by the National F 4 odulation of the drop-

Science Foundation under Grant UM-80-24000. let cloud shape by the bubble.
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SPECIFIC HEAT AND THERMAL CONDUCTIVITY OF TmVO4 AND DyVO4 WITH AN

APPLIED MAGNETIC FIELD

B. Daudin, B. Salce and S.H. Smith*

Service des Basses Tempdratures, Laboratoire de Cryophysique, Centre d'Etudes
NucZaires de GrenobZe, 85 X, 38041 GrenobZe Cedex, Frace

*Clarendon Laboratory, Oxford University, U.K.

Abstract - Specific heat and thermal conductivity measurements of TuVO and
DyVOwith applied magnetic field are reported. Experimental results for
TmVO4 are well described by a molecular field theory whereas such a calcula-
tion falls to interpret the DyVO4 results as short range order interactions
are not taken into account.

1. Introduction. - TmVO4 and DyVO4 belong to the RXO4 family (R a rare earth and X =

V, As or P) whose most members undergo a cooperative Jahn-Teller transition at low

temperature. A lot of experimental and theoretical work has been done on these com-

pounds (1) but heat transport mechanisms are not well known. Ve have previously
reported low temperature thermal conductivity measurements of TmVO4, TrAsO4, DyVO4

and TbVO4 samples. In addition, TmVO4 and TmAsO4 were measured with applied magnetic

field and strong effects were observed in both cases (2,3). These measurements were

extended to DyVO4 and specific heat of TmVO 4 andDyVO4 with applied magnetic field

was conjunctly measured in order to check the validity of the theoretical expression

we used to calculate the thermal conductivity.

2. Experimental results. - The DyVO4 sample was needle shaped with a square section

of approximately 1 x 1 mm2 and a length of 6 m. All samples are naturally oriented

along the c-axis. The thermal conductivity was measured with the magnetic field, H,

parallel or perpendicular to the c-axis and the results are shown in Fig.1. The main

feature is a decrease of K(T) when H is parallel to the c-axis whereas a strong K(T)

increase is observed when H is perpendicular to the c-axis and parallel to the a-axis

of the sample.

The specific heat results for TmVO4 and DyVO are shown in Fig.2 and 3. The

TAVO 1 sample was measured with H parallel to the c-axis. DyVO4 was masured with H

parallel to the a-axis. The measure was made difficult by the size of the samples
whose weight was 340 mg and 193 mg respectively for TnVO% and OyVO4 , despite the

fact that a dynamical adiabatic differential technique was used.

* R.LACNIER. J.PIERRE and M.J.NORTINIER, Cryogenics 17, 349 (1977).

L. _ . .... .... • . . ... . . ;.. .
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Figure 3

3. Discussion.- the specific heat'of ThV0wa s previously measured in zero magnetic

field i4) andwas correctly described In the frame of a molecular field theory. If

the two lowst energy levels of the TOs+ Ion are considered as an isolated doublet

(the' first'excited Is a singlet at 54 ci1 (S)) the energy splitting 2W in applied ma-

gnetic field is given by : W/kT'- tanh (/kt) If eNj <W and W gc 0 otherwise

wlth Tc 2.15 K, go 10 andB- Bohr magneton.
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The specific heat was calculated as C = CS + where Cs is the contribution

of the Schottky anomaly due to the three lowest levels (the singlet is then assumed

to be field independent and have no interaction with the ground state doublet). CDis

the lattice contribution calculated in the Debye model and was adjusted to

CD = 1.5 K 1O'4T 3 J/K mole.

The results of the adjustement are shown in Fig.2. To obtain a satisfactory

agreement it was necessary to assume that the crystal was containing 13 percent of

impurities, which is coherent with the presence of large flux inclusions.

The two main conclusions are as follows : a) the molecular field theory accoun-

ts well for the observed specific heat.

b) we observe no enhancement of spe-

cific heat at the maximum of the Schottky anomaly as would be expected from the pre-

sence of the coupled mode (6,7).

So far as DyVO4 is concerned, the results are more complicated. A calculation

of the specific heat based on a molecular field treatment failed to explain the ex-

periments since short range order interactions which are important in DyVO4 are not

taken into account by this approach (8). On the other hand, calculations based on

"compressible" Ising model fit correctly linear birefringence experiments (9) and it

would be interesting to interpret our specific heat measurements within the frame

of this model. Such calculations are now in progress.

As a general conclusion, it appears that the specific heat of TmVO4 is we'

described taking into account a Schottky anomaly associatec with the the,mal popu-

lations of the energy levels. Such a description is presumably correct for DyVO4

provided we are able to calculate the energy levels of the system. That means that

the huge enhancement of thermal conductivity with applied magnetic field observed

in both cases is not related to anomalous specific heat behaviour but is probably

due to a drastic modification of phonon scattering.
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PHONONS IN GRAPHITE INTERCALATION COMPOUNDS

S.A. Solin

Department of Phvyic8, Michigan State Univevsitij, East Lansing, Miohigzn 488Z'4,
U.S.A.

Abstract. - Vibrational excitations in pristine graphite and in graphite
intercalation compounds are ditscussed. Modes associated with carbon atom
intralayer motions and with the internal excitations of guest molecular
species are emphasized.

1. Introduction. - The study of phonons in graphite intercalation compounds (GIC's)

is by now a relatively mature subject. 1,2,3  The road towards this maturity is char-
acterized by recent spurts in the growth of our knowledge of SIC's in general and
of phonons in GIC's in particular. Not surprisingly, our understanding of phonons
in-GIC's is intimately coupled to an understanding of phonons in pristine graphite

* itself.4 '
During the past several years research efforts on vibrations in GICs have 1

focused on five sub-areas: phonons in pristine graphite, 5 phonons associated with
the intralayer motions of carbon atoms in GIC's, 1 internal molecular modes of
guest species in GCs, 67interlayer c-axis modes involving both guest and host

layers, 8'9 and intercalate intralayer modes. 10  In this brief manuscript, I would
like to address the first three of the above mentioned areas. Thus, this paper
constitutes an introductory setting for the latter two topics which are under active
investigation and are considered in other papers in this proceedings. Space limi-
tations also preclude the presentation of introductory material on GIC's, staging,
sample preparation techniques, etc. ftaders unfamtliar with those topics are re-
ferred to recent review articles. 11 ,12

2. Pristine Grapite. - Hexagoal graphite crystallizes in the Dhspaie group with

fou aomsinth primitive cell.1  The zono center optic .ducan be group theo-
retically decosed into the foll owing irreducible rep!"sqtation14

rota2 Eig + El Atu z h

of whichi the E2g i d@ and t1h i .and modae are ri~ctivbly Ramaw and infrared
actift in first ova. All of t~doptically attili'mades has10Ve uWban observed ex-
pemsiwotally.5 1 he tv. @fboM iff-tgs.-I and 2 whiA~ alto'Show tIW'0igenvetors
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z I ~j The Raman spectra obtained from a
. cleve surface Of graphite and the atomic

(U IM displacements of the Raman active Eg modes.

ICC

Fi :The EJI C and E 0 C re fl ectance of
________________________and the atomic displacements of

"a no. uW the IR active modes. The Elic spectrum
FA~mIN~vI.,-

1
Ihas been normalized for surface damage.

so

.40

30

A r M It r Fig. 3: Phonon dispersion curves for gra-
WAW ~~pit WCO ~ ~n the [001], (100] and (110] direc-

tion. From ref. 16.

associated with each mode.
Of particular imortance is the A.mode at 84 cm-. Prior to its observation,

the available Raman, IR and neutron scattering data (the latter of which were limited
to 4500 cm 1) had been used to test several models for the phonon dispersion curves
of graphite.1is Although each of the available theoretical models *fitO the avail-
able data, their calculated values for the A2. frequency ranged fromBo cm-1 to
1400 cm. Armed with the cirucial A frequency, Norie and coworkers i constructed
an axially asymetric Born-von Karmen model which provides phonon dispersion curves
that aM in excellent -0grogmsnt with, all the available experimental data. The re-
sults of their cAlcl4lations are shown in Fig. 3. Note, in Particualar, that the max-
ium phaonon ewrp, is not at the r point, but qccaqrs along the line befeen r aed N.

JIM
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This feature is consistent with, indeed required by, the second order Raman spectrum

of pristine graphite.
17

In more recent calculations18 G. Dresselhaus and coworkers using a similar

model to that of Horne and coworkers have improved the fit of the lower most branches

to the neutron data of Nicklow et. al. 4 Thus, it is reasonable to assert now that

the phonon dispersion curves of pristine graphite are well understood and can be

accurately calculated.

3. Intralayer Modes in GIC's. - The initial approach to intralayer carbon modes in

GIC's was the nearest layer model.
19  In this model it was noted that in an nth

stage SIC n b 3, the E2g 1580 cm
"I intralayer mode would develop a satellite caused

by the small perturbation of the bounding intercalate layers. Thus for n * 3 the

Raman spectra of GIC's will contain a pair of lines at Z1580 cm"1. One of these

is associated with interior carbon layers which have a nearest layer environment

identical to that in pristine graphite. One is associated with bounding carbon

layers perturbed by the intercalated layer. In stages I and 2 GIC's there exists

only one type of nearest layer environment and thus only a single line should be ob-

served in the 1580 cm-1 region. The above statements are verified by the Raman

spectra of potassium graphite GIC's20 which are shown in Fig. 4. These spectra are

characteristic of the stage dependence of the Ramar spectra of all GIC's studied to
date.1  Moreover, the stage dependence of the relative intensities of the members
of the 1580 cm 1 doublet can be quantitatively accounted for by the nearest layer

model.1

CnK

C.N

F11. 4: Rawn spectra of Stage n, n# 2 K-
ft. am (o WCs with €;ampesttiam CjnK.L

Stage 1 alkali SI's exhtbit a Raman spectrom which is characteristically dif-
ferewt from those of Fig. 4, but 'thI p0oifde an '@U nt verifftation of the cal-
culated dispersion curves of Fig. S.1  Note from the Ra n spectirtaOf stage 1

RbC8 and N 21 show in Fig. 5 the polarized mers of a triplet of modes in the
680 cm 1 reglon. 20  This trfolet i$'q4Alt#%ti1y ccounted ftr by the disperstoh
curves of F1g. 2-and is associated with W point out of plane lottons'ff the carbo

atom. 1  These N point =69 which are first order Wian mactve in pristine

: !! ....
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Fig. 5: Polarized Raman spectra of thetriplet region for the stage I (a) Cs; and
(b) Rb GIC's with the incident polarization
perpendicular and the scattered polariza-
*tion parallel to the scattering plane.
Polarized modes (Ag or A1 ) are forbidden in

i______ _ this configuration.

Rl . *9v1 t~m')

SIAMI I F*Ci3

Fig. 6: Polarized Raman spectra of the: , , . i i ntercalnt tntralayer modes of stage I.
400 0 no 100 0 FeCl 3-graphite. m

MM ShIFT (m')3

graphite are activated by both disorder induced scattering22 and Brillouin zone
folding effects3 in the 3-D relatively ordered structures of stage 1 Rbg8  ndaC8 . 2 3

The stage 1 alkali GIC's also exhibit a broad Fano resonance at 4&1500 cm- 1 (not
shown) which arises from electron-phonon coupling beeeen Raman active phonons in
the 800-1600 cm 1 range and what appears to be an electronic continus background. 24

4. Internal Nolecular Niodes. - To data there is very little data on internal mole-
cular modes of quest species in GIC's. This lack of data is not for went of serious
efforts to obherve such iodes since several groups have made serious attempts in

this regard.
The first observotian of molecular modes in a SIC -s that of Br 2 molecular

modes in brmilie graphite. 6 "W ". 9am nm spectrm of that material exhibits,
the mltiple inteMp overtone pephs which are chracteristic of strong resonance
Rgu scatterig. The classic exapple of this phenomena is given in the 3mm res-
ortAc, PeqtrW of CUS. To qj kmsleqge th 1 only qther systm in which isternel
m0 ,of the pmt species m e rv from a -SIC is FOCI 3  w'aphite. 7  The
low frqgiaus pPlar1.i Ren, qenc* of stge 1 F*Cl, grooite is shown in Fig. 6.

-It,,. - -, . . ,L m ..
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The modes observed in that figure can be accounted for group theoretically and cor-

respond to modes of the FeCl 3 sandwich layers from which pure FeC1 3 is constructed.

There is evidence that the Raman spectrum of FeC1 3 graphite was also obtained

under resonance enhanced conditions. 26 Thus it appears that resonance enhancement

is required in order to observe molecular modes in the Raman spectra of GIC's. A

lack of such enhancement would account for the failure to observe molecular modes in

GIC's prepared with HNO 3 , metal-ammonia solutions, AsF 5 , SbCl 5 and other intercalants.

5. Concluding Remarks. - This paper briefly touches upon some developments in our

understanding of vibrational excitations in GIC's. For GIC's the molecular modes

and carbon atom intralayer modes can only be conveniently probed using optical tech-

niques, e.g. Raman scattering and IR spectroscopy. During the past year new and

exciting neutron scattering results on interlayer guest-host medes in GIC's 9 and on

intralayer intercalate modes in monionic guest species
10 have been reported. In

addition the former have also been observed in the Raman spectra of several stages

of alkali GIC's. 8 These new neutron and Raman results are the subjects of other

papers in this conference.
8 10
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PHONONS IN ALKALI GRAPHITE INTERCALATION COMPOUNDS

H. Zabel and A. Magerl

Lo vie Laborato-v of Pljweioa and Matieriala Reesarch L4abotOY, Unireity of
Illinois at urbana-Chompaign, Uzbawa, IL. 61801, U.S.A.
Institjt Laz-Langevin, 166X, F-38042 Grsnobl.'-Ced, FPrnoe

Abstract. - The [001]L phonon branches of alkali-graphite intercalation com-
pounds Cx11 (x-8,24,36; -K,Rb,Cs) have been measured by means of inelastic
neutron scattering experiments. In all cases the phonon branches show zone
folding effects, due to the enlarged unit cell as compared to pristine graph-
ite, along with opening of frequency gaps at the center and boundary of the
Brillouin zone. All measured [0O1]L phonon dispersions are describable by
one-dimensional shell models with different masses and force constants to
account for the graphite and alkali area-mass densities along the c-axis and
their interplanar interactions.

1. Introduction. - Within the past year, the interest in the study of low frequency

modes in graphite intercalation compounds has increased considerably,12/ after the

high frequency modes have been investigated extensively by Raman spectroscopy and

infrared reflectance.- / In particular, the low lying modes with phonon propagation

in the hexagonal c-direction (10011L and [0011T) are important for the determination

of the graphite-intercalant interplanar interaction. Knowledge of the coupling 1
force constants may contribute to the solution of such important questions as the

origin of long-range stacking order of graphite and intercalated planes and of inter-

calant in-plane order-disorder phase transitions. In addition, those modes allow

to study some fundamental aspects of lattice dynamics: since the interplanar dis-

tances of the atoms are not changed for [0011 modes, they may be considered as the

movement of a one-dimensional (l-D) array of rigid layers. The properties of this

linear chain of graphite and intercalant planes can artifically be changed, by

changing the stage n bf the compound (n designates the number of graphite planes

between two intercalated planes), and/or the intercalant chosen, and effects like

zone folding and opening of frequency gaps at the center and the boundary of the

Brillouin zone can be studied in a systematic manner.

In the following the experimental results obtained for [0011L modes in alkali-

graphite intercalation compounds (AGIC's) will be presented and lattice dynamical

models will be discussed. A more detailed discussion is given in a separate con-

tribution to this volume.A/ The [0011T modes, which are les accessible to inelas-

tic m roe meattemim& be been studied by Ro spectroacopflj

2. !iV ut4j. - The samples were intercalated wit% alkali atom i a two-stte

formace in the usual mmnerv6 / and homogeneity of each compound was determined by
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x-ray and neutron elastic (001) scans. Relevant parameters of the samples before

after intercalation will be published elsewhere.-? Constant Q scans vere performed,

using triple-axis spectrometers at the National Bureau of Standards research reactor,

Washington, D.C.

3. Results. - The [001]L phonon energies obtained at C8K, '~24K, C3 6K, C2 4Rb, C8 CS

and C24Cs are plotted in Fig. 1. For the sake of completeness the corresponding

modes of C8 1h have also been included.!' The phonon vavevectors are given in units

of the intensity period C, neglecting any stacking sequence of the graphite and/or

alkali planes. Each stage n compound contains n+1 planes per unit cell. Accord-

ingly, there are n+l phonon branches, which could all be determined: in each case one

C'C.

ISao. a.

a. Cas C840 bC

I1
so oA

M aaurs pbamon irgle for IOOI)L made" In alkali-graphite Intoealation
COqMONiS. The PbOMog eaftlea of "g be"s bees t* f ree ki. 6. Full iasm
ate-best t h -S -m ,moe.
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acoustical branch and n optical branches. Mode splittings could be clearly resolved

in most cses, with the exception of C24Cs, where the carbon and cesium layers have

almost identical in-plane area-mass densities. Low temperature experiments down to

80 K have been performed at C36K The results do not indicate any change of the

phonon energies across the phase transition at around 130 K.91
4. Discussion. - The data have been analyzed by several 1-D lattice dynamical

models. In opposition to pure graphite,1O11l/ born-von "Crm~n type models cannot

describe the observed [0O111, modes of AGIC's. Here a simple 1-D shell model

#K #S M2 iM M,

Fig. 2: Schematic representation of the 1-D) ion-shell model for stage n compound dl
and d2 are the distances between alkali and graphite planes, 'c is the repeat dia-
tance of the compound in the c-direction. M1 and M2 are the alkali and graphite
area-mass densities, reap. and a is the electron mass density, which is extrapolated
to zero. #K is the core-shell,.9thes shel-grapb$te, and 42 the interior graphite-

graphite force constant.

yields the best result. In this model a charged layer has beeu iLntroduced between
alkali and adjaentih graphite planes to account fr the Inhomogeaeous charge distri-

but ion along the c-axls (Fig. 2). Best Met of. the shell model to the measured

phone. eciargies yield valves for #K, whtch are moaghly am order of magamtude larger

than the force contants OS ad #21 while +g iS alway llavger than 42' b about 10-

202, an 02 It almot identicaOL to the interplansir coupling constant of pristine

graphite.

The acthogs ackgowledge valuable discussions vib, J., J. guh and J. H. Rowe.

This work wae sqpprted in part by th* U.S. Ds,'ertaeut of Energy uder Contract

Ds-A02-76EUW9,, h Rserch- Copoatlon and the University of llinois Research

board,

1. A. anger), and 1. label, Ph". ev. Lett. 46, 444 (1981).

2. J..D. Lie, C. F. Msjkruak, L. Paseell, S. K. Satija, G. Dresselbaus, and V.
Ismutek, to be pclishs 16 tPrdceid4i~g df t'ftim h Ifennial C teratemee oft

Carbos. (1af1).
3. See for a review: H. . Dre"solheus and G. Dresseilbaus, Adv, in Plays,30

4. A. IMewL a. Z abel, tis uo1f
5. a.Va P VKia"'%4d N. Zabel. thIA yolas
6.10.. 3 zn amd. 1.Pamr, J. ?hys. . 29 I163)

a. V. V. SleIONM, ~ Seiage'p, 0. Qna. 0mm, and J. 1. Fischer, Hater.

9. 1. !. Jam, M. Mori, and S. CQ. OM~ 4000 - ... .
10. 0. lolling and 3. W. Broebbouse, Plays. 2ev. 128, 1120 (1962).
II. K. vickiawt, B. ifthlboys" mod I.YO. jSt'I~Ue A4Y- MP-AW. MR



JOURNAL DZ PHYSIQUE

Coloque C6, auWpment au n*12, Tome 42, doe.bre 1981 page C6-292

EFFECT OF NON-MAGNETIC IMPURITIES ON THE RAMAN SCATTERING BY

SUPERCONDUCTING GAP EXCITATIONS IN LAYERED COMPOUNDS

S.N. Behera

Institute of Phlysios, Bhubanewar-75100?, India

Air~ac.- The effect of mall concentrations of substitutional
neO-magmetic Iapurities, on the observability of superconducting
gap excitations, Is considered. It is shown that the presence of
heavy mass ilrities tends to increase the strength of the
temean peak dus to the gap excitations, while lowering its frequ-

•ency. On the otherhand the local mode due to light mass lapuri-
ties splits into two because of its coupling to the gap excita-
tions.

1. j~ J.- Recently for the first tumr superconducting gap

excitations have been observed in the layered ompound 2H-bSe 2 throu-

gh pbonon Reman scattering * At ream temperature 21H-Me 2 has two

Reman lines at 234 ein 1 and 248 cm 41 . Below 330K the system undergoes
a charge density wave (cW) transition which Induces additional Raman

peaks "zoad 40 cm'l. On further cooling it become superconducting

at epproximately 16 cm 1 , which Is close to twice the superonducting

enery gy p 2(2 A 91 17.2 cmi1 ) . CgLcial to this observation is the

vailability3 of the CO pho on close In energy to 2 A . Balseiro
and lFaliov 4 (31) Interpreted this observation as a phonon self-energy
effect aris ng because of the coupling between the CW phonon and the

8C electrons. It is well kmown that non-magnetic Impurities, while

not affecting the superconducting properties can Inhibit the formation

of CoN. Besides, thee cve give rise to purwity (local, gap and
resonant) modes. It is conjectured that a suitable heavy mass Impurity

can produce a low lying Impurity mode which In turn can couple to the
SC gap eeltatins even In the abeence of the Cow mode. On the other

hand, a light nss Impurity will prodm a high frequency local mode

which will tend to reduce the strength of COW peak, and consequently
that of the Rnass line associated with the SC coupled mode. In order

to test this moejectare we gmeralise the F calculation to Incorpo-

rate the effect of Smmgo aspurtAes,

2 *hA .k 00 systa, is deseribe b-h the model WMltenlens

.. 04
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N~~ -- H31  H1  I

where HBY Is the Dalselro-Valicov Hamiltoniam and the contribut ion due

to non-magnetic substitutional isotopic Ispurities is given by

with -) 1

and (1 .)

Mand N beinag the m'asses of the Impurity ad host atoms respectively.
fte isptarity concentratiO6 Cc)' is assumed to be small. The phamom sell-
energy for this system turns out to be

'471 to I l

-I+ 2 2 ca-)

Zt aL C&)-CAD(t)~,(426h) X(C i-) (5)
where ifr 4(Sxc.)()

" ' D cO,x) = i /.+ A l

1-2 S
(W (7).

amd'Ln (a) is the pbm *f 6.56W Air th absenee of th el ui-

t~l in C]tLI the limit ! qo 0 wt the instl mto l fo UW host pbot&l~ ]

assiu that, in e-- d7O ) M-I--. is of 111 6 ltu* thos l4 eLf

tat m spmoaenoW Is given, by the solutilons of the eqa

(~1* 14 , 30:-1) +..2C X21 P(Aic)s =4U I'(r' s

where pvQ.x) - -1/.gx2)_C,+,Aj

4.. (y(1 a)4s tan-1 Lr (1-711)E"/21 for y<1 (10)

with a 0 W~/ri~ W./ Ua ad y a4(1

6). being thbe freqminsq of the host ga. ksthme spro

stato dad f (0) is the eleotrn density of states. at the Fermi surface.
In this ,al1aatem the effect Of the lqmzlties an the cow state has
bees -9M~.

3. pleat of all, w dwll a that 4 is

%be cmE paham a" the ispuriy moh arises frE Wo Howeer,
loot"ed ofWesrlf at se 0 ea entpoq of £ I- the

Aki
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Lmpurity mode splits into two, because of its coupling to the SC gap

excitations, as is obvious from en.(8) . A heavy mass Impurity giving
rise to a mode below 2 & , increases the strength of the gap excita-

tion mode and pushef it towards zero frequency, which is equivalent

to increa he coupling strength a. On the other hand a light mass
impurity giving rise to a local mode decreases the strength and in-

creases the frequency of the 2 & excitation. Features similar to this

prediction had been observed in 2H-NlSe 2 samples contai4 impurities'.

In the absence of the CDW phonon, Ueo will be the Raman active

mode in the normal state which being of high frequency o )> 2 A
decreases the coupling strengtlh)considerably; resulting in the

Impossibility of observing the SC gap excitation. However, if the mode
due to a heavy impurity falls near where the CDW mode existed then

because of its coupling to the gap excitations, it is possible to

observe the same under special conditions.

It is worth mentioning that substitution of heavy mass impuri-

ties in place of Nb in 2H-MbSe 2 may not be feasible experimentally.
However, even a light mess impurity atom can produce low frequency

modes provided its substitution causes nearest neighbour force con-

stont softening. Similarly it is also possible that an impurity

phome can, *DpI rather stngly to the SC electrons giving rise to
the its bound, state with , gap ecitaticms. these features are being

investigated currently 5

Lot.- I would like to thank M.G .Chbhanty, who is
intimately adiociated with this wozk for his help in the preooration

of the manuscript. We are grateful to Pro*jM.V.Klein and L.M.lalicov

for sending us preprints and unpublished calculations of their work.
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INELASTIC NEUTRON SCATTERING AND LATTICE DYNAMICS OF THE LAYER

SEMICONDUCTOR GaS

A. Polian, K. Kunc and J. Rossat-Mignod

Laboratoire de Physique des Solides (Associd au C.N.R.S.), Univereitd P. &
M. Curie, 4, place Jusaieu, F-75230 Pari i Cedex 05, France

DRF/DN, Centre d'Etudes Nuclgaires, 85 X, F 38041 Grenoble Cedex, Frmce

Abstract.- Measurements of the phonon dispersion curves of GaS in the r - M
and r - K - M directions by inelastic neutron scattering have been performed.
They show a non dispersive behaviour of the LA phonons in both directions.
A Rigid Ion Model (RIM) with anisotropic effective charges and Axially
Symetric Forces (ASF) is constructed from these data and discussed.

1. Experiment.- Inelastic neutron scattering experiments were performed on the layer

crystal GaS on the IN3 and IN8 spectrometers at the ILL and DNI at the C.E.N.G.

Two experimental configurations were used allowing to obtain the phonon dispersion

in the r + M and in the r - K + M directions respectively. The experimental results

shown in figure I match the earlier measurements ( 1,2) and confirm the fact that, in

the r - M direction, the LA mode is non-dispersive from ki(O.25,0,0) to the zone

boundary. Similar features are found in the r - K direction and there is no

dispersion between M and K. The B2 TA mode shows a similar behaviour.

I i

3001

b 0 Fig. I : Experimental* oT * * * dispersion curves in theSi. layer plane. Each symbol
corresponds to a phonon
with a different symetry.

I . The phonons vibrating

10 parallel to the y-axis
are not shown here.

r .

* "
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The layered nature of the crystal is reflected in the quadratic dispersion at

small wave vector of the out-of-the-layer-plane TA mode v =a + BC2 : with

frequency in Hz and reduced wave vector c = I ij/i/ , kM - 4n/ari, our measurements

yielded a = 5 x 10- 12 s-1 and 8 = 10.5 x 10-12 s- 1. As 0/a is zero in usual three-

dimensionnal crystals, and 10 in graphite, the present value of 0/a = 2 indicates

the degree of bidimensionnality.

2. Lattice Dynamics.- We used a Rigid Ion Model (RIM) associated with Axially

Symetric Forces (ASF). The RIM is applied with an anisotropic effective charge

tensor
Zi1 0 0

Z= 0 Z1 0
0 0 z2

in order to reproduce the anisotropy of the LO - TO splits at the zone center.

The set of 5 central forces ( 10 parameters A., Bi; i = 1,5) represents

interaction n* I t Ga - Ga first neighbours; n* 2 : Ga - S first neighbours; n* 3

S - S interlayer; n* 4 Ga - Ga second neighbours (intralayer,intercell); n° 5

Ga - S second neighbours.

3. Discussion.- The ASF parameters A3 and B3 are cal-tilated from the rigid layer

modes E2 g (23 cm
- ) and B2g (43 cm-), the other ones are obtained by least square

fit to neutron data. The effective charges are obtained from LO - TO splits of the

Elu modes (Z, = 0.9 lel) and A2u modes (Z2 = 0.44 tel).
The dispersion curves calculated in the F p M direction are compared in

figure 2. In spite of its simplicity, the model accounts well for all the zone

center modes and provides elastic constants in good agreement with values obtained

by Brillouin scattering (3) . On the contrary, the non-dispersive behaviour of the LA

phonons in the F - M direction could not be reproduced. While a flat region in the

dispersion of TA modes was

already observed in other

.5 - -------- - _ materials like Si or Ge, a

._ -- - - -similar behaviour for the LA

does not appear in other

-0. - .semiconducting materials.

A tentative explanatiou of

..... this dispersion could be a

__.___coupling between the AI (LA)

ISO.

SO.__ Fig. 2 : Theoretical dispersion

curves in the F + M direction.
:B modes; ... : B2 modes
A. .n M . u . I modes; :A 2 modes.

I.0 . 5 .3 .40 So 1

71'4,
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mode and the BI (E Ig in r) mode.

Owing to the use of anisotropic effective charge, the present model is able

to describe the angular dispersion of the zone center polar phonons. Due to the high

symetry of GaS, the only experimental data available are those parallel and

perpendicular to the c-axis so that the prediction cannot be checked. We prefered

thus to show in figure 3 the dispersion predicted by the same model rather for

y-GaSe (Zl = 0.84 lel; Z2 - 0.39 lei) a closely related structure in which, however

the different stacking and consequently lowered symetry made possible to obtain more

complete data (4 '5 ).

Large polarisability of

bonds in GaS, which is

suggested by the space E Lo

distribution of electronic ALo

charges (6) and shown by the

high intensity of the Raman

allowed lines raises some

doubts about the adequacy 220-

of RIM for the description

of the lattice dynamics Evo ";2

of GaS. It is very likely too

that any of the standard

dipole models (shell, Fig. 3 : Angular dispersion of the polar modes of GaSe.

d.d.m. etc.) would be

more satisfactory. It is questionable, however, whether the introduction of

polarizable ions afone, would be sufficient to explain the non-dispersive

behaviour of the AI (LA) and B2 (TA) branches : looking for a description accounting

explicitely for the large bond-charges shoving up between the Ga atoms would

probably be more appropriate.
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ROLE OF PHONONS IN ORIENTATIONAL INTRA-PLANE ORDERING IN GRAPHITE

INTERCALATION COMPOUNDS

C. Rorie, H. Niyataki, S. Igarashi and S. Hatakeysma

Deprtment of AppZied Physica, Tohoku University, Sendai, Japan

Abstract.- Theoretical study of orientational intra-plane
ordering in the second stage graphite intercalation compounds is
presented with particular emphasis on the role of phonons. It
is shown that the rotation angle of intercalant layers relative
to the graphite layers is predominantly determined by ntra=
plane transverse modes and also depends on the ratio of lattice
constants of both intercalant and graphite layers.

1. Introduction.~ X-ray diffraction studies of C2 4 Cs prepared from

single crystal graphite demonstrate that a triangular arrangement of
Cs atmm in the real space is non-registered with graphite layers in
macroscopic domains, generating a hexagonal sextet of diffraction spots

rotated by _14 about the c-axis with respect to the <100> graphite
direction at temperatures 50K <T<165K [1]. Similar orientational

intra-plane ordering has also been studied on C24 Rb [2,3,4J and other

compounds. In the present paper, a microscopic theory of the orienta-

tional intra-plane ordering in the second stage compounds is developed
with particular emphasis on the role of phonons. The theoretical

procedure follows the one developed by Novaco [5] for mono-layer films

adsorbed on solid surfaces, but is extended so as to be applicable to
our system consisting of intercalant layers sandwitched between a pair

of graphite layers. It is shown that characteristic phonon dispersions
modulated by a coupling between intercalant atoms and carbon atoms in
the adjacent layers play a crucial role in determining the rotation

angle in the orientational ordering.

2. Model.- We assume that intra-plane structure of an intercalant

layer is a triangular lattice with a lattice constant d I and is non-

registered and incoe nsurate with the adjacent hexagonal graphite

layers with a lattice constant dG. Then, the atomic displacements

from the virtual lattice sites are modulated each other by means of

the interatomic potential between intercalant and carbon atoms. This

modulation yields displacements of atoms to new stable positions of

intercalant and/or carbon atoms, giving rise to a rotation of the
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reciprocal lattice of intercalants relative to that of carbon lattice.

The free energy, then, turns out to be given by Eph+ EMDW , where Eph
denotes the renormalized phonon energy and EMDW corresponds to the

energy gain due to the static displacement of atoms and is called the
mass density wave(MDW) energy hereafter. Within the self-consistent

harmonic phonon approximation, EMDW is given in a form

I= - ,() 12

where E(q) are phonon frequencies of j-th modes, and g (q) involves
factors 4 (T,& (q)) and the Kronecker's delta Sa_;,- which
select the relevant phonons to stabilize the mass density wave. and
-.
T are the reciprocal lattice vectors of graphite and intercalant
layers, respectively, and e (q is the polarization vector of (j,q
phonon. The gj(q) depends also on the Debye-Waller factor, and the
Fourier transform of the interaction potential between intercalant
and carbon atoms, which consists of the Born-Mayer type repulsive
part and the screened Coulomb interaction.

3. Results and Conclusions.- Figure 1 shows the renormalized phonon
dispersion curves for modes with polarization parallel to the basal
plane in C24Cs. Other modes polarized parallel to the c-axis are
omitted because they have no effect on the orientational rotation
under consideration. Frequencies at the r point are determined on a
simplified one-dimensional model, in which atomic arrangements and
masses are taken to meet with layer stacking A a AA a A ... and with
the in-plane stoichiometry of C1 2M. Use is also made of the neutron
data of CsCs and C36K in order to estimate the effective force con-
stants. Details of the derivation of the phonon dispersion curves

and E., will be published elsewhere.

* rig. 1: Phonon dispersion
curves for C24Ca. Ll, L2
and L3 represent longi-

LI tudinal modes. Tl, T2 and
T3 represent transverse

T, modes polarized paallel
to the bae s plane.

0 Az10 0.1 L
r. WAVE VICTOR q .-
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The E MM for C 24 Cs is calculated by using phonon dispersion curves
shown in Fig. 1, and is plotted against the rotation angle 0 between

T 10 nda00inFi. 2. We have taken d, -6.02and d G'2.47A
(z -d I/d G -2.44) which correspond to the layer stoichiometry C 1 2 Co.

ROTATION ANGLE 9(degrees)

1 20 30

0.5.

101 A /I

ri 2 The 6-dependence of MDW energy for C2 4CB calculated
byViitlng the dispersion curves given in Fig. 1. Solid
curves represents the total MDV energy. The dash-dotted and
dashed curves indicate contributions to EnDwq from T and L
modes, respectively.

The minimum of %.is found at about 140 in good agreement with ex-
periment. It seem interesting to observe from Fig. 2 that the lowest
longitudinal mode always plays a role to stabilize energy at 0- 19.10,
but the lowest transverse mode is more effective in stabilizing MDI at
angles below 19.10. The similar feature is also seen in the case of
C 24 Rb. In this case, however, the Eshows a flat minimum over a

certain range of 8 around 120 for z -2.45. It is concluded from our

results that the rotation angle in the orientational ordering is de-

termined not only by the value of a, but also by.'the detailed phonon

dispersion curves characteristic to the compounds.
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TWO-PHONON PROGRESSIONS ASSOCIATED WITH VIBRONIC EXCITONS IN LAYERED

3d-METAL COMPOUNDS

G. Benedek, I. Pollini and W. Rauhofer*

Iottituto di Fisica dell 'Uivervit4, GNSM, MiZano, Italy
M =4.-PZanCk Inatitut fVl Featk~perforaehwng, Stuttgart 80 F.R. G.

Abstract. - We have observed two-phonon structures in some intraconfiguration-
Z crystal field transitions of V-, Mn- and Ni-halide§. We also report for
the first time the crystal field spectrum of CrBr2 (3d), where, despite its
unfilled eg semishell, exciton-phonon (ep) interaction vanishes to first order
yielding a two-phonon sequence in 3AI(G) + 3A2 (F) band.

Electron-phonon interaction in layered transition-metal halides yields a complex

* vibronic structure in crystal field spectra /l/. The quasi-nolecular nature of these

crystals, due to their low dimensional structure and reduced ionicity, results in a

flat dispersion of both d-d excitons and optical phonons (vibronic excitons with

small excitation transfer) /2/. This allows for the experimental observation of sharp

phonon progressions in the absorption spectra of dn + dn parity forbidden transitions.

From these structures we can learn miuch on the dynmics of the excited states. For

intraconfigurational transitions in half-fiZZed aheLZs Cd3(tg), d5 (t5ge2 , d8 (e2))
the orbital ep coupling vanishes to first order /3/: thus a second-order progression
is expected to be the basic vibronic structure, provided that also iiie spin-depend-

nt ep interaction (via the phonon modulation of spin-orbit (SO) coupling) is zero.

Such a selection rule is fulfilled by the transitions listed in TABLE, where 2nd-

-order phmon progressions are possible.

Electronic IElectronic Transitions
configuration! predicted observed

d(t2j|) I (G) °, , G) in VC12, VBr2

d'Ct 3 2 )1 6A,() - 4 EC(G) + 4(AlG), 4E(D) 4E CG)  in M (D) in nC1

(;) 1 A ) .(F- , 1E(). ) 'E(D), 1 (G) in 2 NiBr2

d4(t e 3 +E(D) .E(H), 3A AG), , 3AcF) + 3 A, in Cr~ r

3 A(F), 3  E(D)

We have included also the special case of d4 (t2eg) in Cr~r2 (sPae grow Cjh /41),

" re 4, ..- ,
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where despite its unfilled eg semishell a vanishing ep interaction for saw transi-

tions between monoclinally split levels is found. Previously /5/ we reported a strong

evidence of pure two-phonon progressions in NiCl 2 and NiBr 2 
3 A2(F) - 'E(D) transi-

tion. This is a rather rare case, since configurational mixing can switch on a weak

1st order ep coupling and mask two-phonon contribution. Nevertheless the theoretical

prediction of a 2nd order structure often provides a key of interpretation of other

complicated phonon structures we observed in other 3d-metal comounds.

VCL2K zI;
P 5 K IT (6)

-1.K

3 11909

S-

n.6 1.6 "g 12.20 12.50
WAVFNUMBER (10 3 

cm-
1
)

Vert
5 K

t )

1.4 SK

WL : CG) and badG) b sa in VC12 from
5 miad in Vi t5 K.

In fU R 1151 35

Fig.1 shows the 2E(G) and 2T2 (G) absorption bands of VC1 2 and VBr 2 , well separated

by a deep minima. The SO coupling accounts for the splitting observed in ZT2 (G), but

neither SO nor trigonal field perturbations can lift the degeneracy of 2E(G). While

the mall splitting of 84 ui - 1 (VC1 2 ) and 122 cm 1 (VBr 2) could well be due to opti-

cal mgnums (quickly washed out by increasing temperature), the broad sidebanms ob-

served above the 2E(G) peaks cannot have but a phonon origin. The spacing of 404 c-1

amd 260 c- 1 corresponds quite well to twice the respective Rman Eg frequencies at

5 K /6/. The A1(S) -l 4E(G)* 4AI(G) transitions in MI1 2 , MAr2 /1/ and W12 show a

puzzling phomn structure, togpther with the notable comma feature that the spacings

betwen the first two sharp peaks are nearly twice the Ri - -M frequimcies: they have

been already discussed in /I/.
In NiC2 amd NiBr 2 9 besides the sharp two-phonon structure occurring in 'E(D)/S/,

we found a pure g progression also in the 1A1 (G) bands (Fig.2). Wkliae NiDr 2

Wera 00 INA((;) bai occurs belo T2 r(D)' in N'C2 the ' AI(G) band is just atop

1TI(D ) ad 3TI(P) bands. In this case its assignmet is possible thanks to the dis-
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NiCL2/
5K

z - TA(6 (B 3T, (p),

185 1R2 20 2080 21.7 22.7
WAVENUMBER (103 CM-1)

1-

0 Nt~r

4 5K
5Kio

0.5-C6" Fig 2:The A,(G) band.n

18.4 16 1S8 170 1.2
WAVENUMBER (1O'cm-')

play of the two-phonon progression(spacing 316 + 6 cme ): no such a structure could
be bright by IT(I) or 3T (1') transitions.

Udhle in d3, d5 and d configurations a vanishing first order op coupling de-
scends from group theMr for the listed transitions, in d4 this occurs accidentally.
For this reason w have grown Cr~r2 cystals by the flow system method an. d recorded
its crystal field spectrum (Fig .3). Fitting observed transitions to octahedral crys-
tal field diagr inludltx~n spin-orbit couplIng /7/ gives lkq 3 12d0 c bl. WY On
vibronic structure was ftund in the whole spectrui. This is associated with tht near-
ly degenerate transitions 3 A O) 3A(yadiaaspcnof36 -.
cy scales quite well with twice the Rm Alg frequncy of V1IT 2 (316 co-') and I*Ir 2
(302 co-') ad therfor corresponds to a second-order vibronic structure.
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3-

i Cr Br2

5 K

2 -

0

J0 1 L I I'-- I I

80.6 12.1 1.1 20.2 24.2

WAVENUMBER ?03 CM-1)

th insrt tip o rLcytla

F'.3: The crystal field spectrum of a CrBr crystal ati~-r. 3In the insert a two-phonon progression in theJ

AI(G)+ A2(F) electronic band is shown.
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COUPLED ELECTRON-LO PHONON EXCITATION IN A TWO DIMENSIONAL ELECTRON
SYSTEM

G. Fishman', A. Pinezuk, J.N. Worlock, H.L. St6zuer, A.C. Goaeard sand
W. Wiepan*

BeZl Laboratories, Rolnde, New Jersey 07733, U.S.A.
Bell Laboratories, MHay HZZ, New Jersey 07974, U.S.A.

Abstract We discuss the coupling between collective intersub-
band excitations and LO phonons in doped GaAs - (ALGa)As multi-
ple-quantum-well heterostructures. The analysis is applied to
the interpretation of inelastic light scattering spectra and
yields the Coulomb matrix elements for the intersubband
transitions.

There is a sustained interest in physical systems of reduced
dimensionality. Considerable effort is being devoted to two dimen-

sional (2D) electron gases in semiconductors, where the electrons are
confined in narrow (,00A) space charge regions at surfaces and inter-

faces. In polar semiconductors, the collective excitations of the
confined electrons couple strongly to longitudinal optic (LO) lattice

1vibrations
The multilayer 2D electron gases in modulation-doped

2

GaAs - (ALGa)As multiple-quantum-well (NW) heterostructures are an
extremely interesting system, where electron-LO phonon interactions

3,4have been studied by resonant inelastic light scattering . We
consider here, very briefly, the coupled modes system of collbctive
intersubband excitations, associated with transitions of confined
electrons between 2D subband states, and LO phonons in the MOW

heterostructures.

Electron-LO phonon coupling occurs in these systems because
the polar lattice screens the depolarization electric fields, escribed
by effective plasma frequencies 5 ' 6 , of the collective intersubband
excitations. In the case of isolated quantum-wells, the coupled modes

are described by 7

2 ,
33

iLL

.F-16
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which is a slight generalization of the collective mode equation

derived by Dahl and Sham8 . In Equation (1) Ekl is the energy of the

vertical transitign between subbands k and t. 6 ij,k-t = 1 when the

transitions i - j and k * t are identical (i-k,j=t) and zero otherwise.

E (i-j,k-L) is the set of effective plasma energics that describe the
depolarization field effects, including coupling among the different

intersubband excitations of one quantum-well. E (i-j,k t) can be

written as
3'4'

7'8

E 2 (i-j,kt) n- nsW) - n, (fl] L (i -j ,k t )  (2)

where L(i-j,ket) is the Coulomb matrix element for the transitions

and n (k) is the charge density in level k. £L(E) is a phonon longi-

tudinal dielectric function of the layer, that accounts for the

screening of the depolarization electric field by the lattice.

In the isolated quantum-well approximation, which is valid
in the case of wide ('50A or larger) (AtGa)As barriers, the Coulomb

matrix element is given by
7'8

L(i-J,k-t) 5 dzWEi(z ) (zI) dz" (k3) (z ,

where the E(z) are the eigenfunctions of the states of a single quan- A
tun-well. The mirror symmetry of the quantum-wells reduces the non- it
zero elements of L(i-j,k-t) to those in which the transitions i - j
and k o t have the same parity. This implies that there is no coupling

among intersubband excitations of opposite parity.

Figure 1 shows schemati-

oft PAME cally the energies of coupled modes
as a function of areal charge

density in the case in which there

are three possible intersubband

transitions, associated with three

subbands in each quantum-well. n*

is the charge density at which the

first excited subband begins to

populate with electrons. For

n < n* there are only two possible

transitions; BO1 of odd parity and

Fig. 1 20. of even parity. For n > n* we

-___ _~~ j~i~~1*a__7_ 7
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have in addition the E12 odd parity transition. In obtaining the

curves of Figure 1 we have represented CLE) with the lattice

dielectric function of bulk GaAs.

This approach has been applied towards the interpretation

of liqht sr-atterimg spectra of siiylt particle (spin-flip) and

collective intersubband excitations in modulation-doped GaAs -

(ALGa)As MQW heterostructures 3 .4 '8 9  The procedure has led to a

determination of Coulomb matrix elements for the intersubband

transitions, that are the only adjustable parameters in the coupled

modes equations (1) and (2). Coulomb matrix elements have been cal-

culated using finite quantum-well envelope functions that include the

effects of band-bending within the GaAs layers 1 0 . The results of

this calculation, which has no adjustable parameters, is in excellent

agreement with the Coulomb matrix elements determined from experiment.
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ABSORPTION OF BALLISTIC PHONONS BY THE 2D ELECTRON GAS IN A Si MOSFET

J.C. Hensel, R.C. Dynes and D.C. Tsui

Bell Laboratories, Muray Bill, New Jersey 07974, U.S.A.

Abstract.- Neasurements of the absorption of ballistic phonons by the two-
dimensional electron gas (2DEG) in the inversion layer of a Si MOSFET are
presented and compared with theory.

This paper reports measurements of the absorption of ballistic phonons by

the 2DEG in the inversion layer of a (100) Si MOSFET at 2K. The rationale is to

determine dtrectly the electron-acoustic phonon interaction in 2D vis-a-vis the

3D case considered in our earlier work.
1

The experimentl geometry is pictured in Fig. 1. The sample consists of a

Si prism upon whose (001) base is fabricated a large (2.5 x 2.5 m2 ) MOSFET device
(8000A thick SiO2 ). A [1111 beam of ballistic phonons generated from a pulsed

laser heater positioned on one inclined face reflects from the interface above the

gate and is detected by an At bolometer on the opposite inclined face. A 5 z

square wave voltage, 0 to VMOD, is applied to the gate and the resulting modula-

tion AI in phonor intensity I due to absorption is detected.

Profiles of AI/I for LA phonons shown in

Fig. 2 were recorded as was varied incre-- ["

entally from 0 to %, 80 volts with excitation

power density P/A a parameter. This monitors . , - - k..0_,-

absorption as a function of 2k,1 In accordance

with the relationship 2k. - 2/w (k -WALE:

Fermi wavevector and n - electron &real density).

The heater temperature Th was estimated from P/A
4

by use of the black-body formula P/A = Th (a is Fig. I. bample geometry.

a Stephn-Soltm constant).

According to theory, the mechanism for absorption of a phonon with wavevector

q by a degenerate electron gas is the scattering of an electron across the Fermi

surface. (See inset in Fig. 3). Such a scattering process in 2D is characterized

by a transition probability shown in Fig. 3 which is peaked sharply in the vicinity

of q 4 2k, to an even greater degree than in 3D where it is linear in q up to

N 2ky. Thue, the selective absorption near 2 acts as a "slit" in energy which

__ _: "f .. : *.-.. _ .. .. .
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Fig. 2. Experimental absorption Fig. 3. Sketch of the absorption
profiles for LA phonons: function G(q).
(o) Th - 2.4K; () Th - 8.77K.

can be scanned by control of V D. Theoretical profiles representing the convolu-

tion of the sharp absorption function with a Planckian phonon distribution (inclu-

ding effects of isotope and umklapp scattering) are shown in Fig. 4. (The calcula-

tion assumes the electron-phonon interaction to be the same as in the bulk

crystal).

Comparison of the experimental profiles with theory demonstrates generally

good agreement as regard to their overall shape. The profiles are observed to

have a quasi-Planckian shape and to exhibit a Wien displacement with Th . It
should be noted that the profiles trace out the phonon distribution in detail,

suggesting potential application in phonon spectroscopy. We should mention that

without the inclusion of isotope scattering in the calculations the peak positions

would have been substantially overestimated, e.g. at 2k ^ 7 x 106 cm-1 for Th
- 12.4K. (Moreover, if the acoustic mismatch model had been used to estimate Tb,

the resulting Th would have been a factor of 1 2 higher precluding any possible

agreement).

Although the overall match of theory and data is definitely encouraging,

there is one glaring discrepancy; and that is the absolute magnitude of the ab-

sorption is a factor > 10 larger than calculated. If the structure of the theory

is sound, as the close correspondence of most spectroscopic features would attest

to, then the source of the discrepancy would be in the strength of the electron-
phonon interaction. Two possibilities are: (1) many-body effects (not too prom-

ising inamauch as renormalized deformation potentials are typidally reduced) and

(2) effects related to the interface. We have evidence that the observed phonons
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Fig. 4. Calculated absorption Fig. 5. Experimental absorption
profiles for LA phonons. profiles for TA ),%onons:

(o) Th - 12.4K; (*) Th - 8.77K.

reflect primarily from the Si-SiO2 interface and hence may be significantly per-

turbed in the region (I- a few phonon wavelengths thick) where the interaction

occurs. One should note in this regard that there is a partial cancellation of

terms comprising the effective deformation potential for LA absorption which might

be rather sensitive to details of this sort.

Data for TA phonons shown in Fig. 5 are similar except that the TA profiles

are shifted to substantially higher q-values by virtue of their smaller velocity.

Although still sketchy, the data suggest that the magnitude of the peak absorption
is nearly a factor of 2 less than LA. Theory, on the other hand, predicts a ratio

TA/LA " 1.S dependent assen tially only on the effective deformation potentials,

which brings their characterization into question.

In conclusion, data are merging from ballistic phonon experiments which

demonstrate substantial phonon absorption in a 2DEG. Although the spectroscopic

features are in reasonable agreement with theory, the absolute magnitude of the

observed absorption of LA phonons is more than one order of magnitude greater than

theoretical estimates for reasons that are still obscure.

We thank T. M. Rice sad f. Lax for a nmber of informative discussions and

G. Kaminsky for ample preparation. We are especially indebted to F. C. Unterwald

for his vital role in the execution of the expe iments.

1. See, e.g., J. C. Nemsel and R. C. Dynes, Phys. Rev. Letters 39, 969 (1977).
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NEUTRON SPECTROSCOPY OF PHONONS IN RbC8

W.A. Kamitakahara, N. Wad& K* and S.A. Solin~~

Aiwe Laboratoy-USDOE and Department of Physics8, Iowa State University, Ames,
Iowa £0011, U.S.A.

* Jame Franckc Institute, University of Chicago. Chicago, IZlinois 60637, U.S.A.
"Dprmn of Physics, Michigan State University, East Lansing, Michigan 48824,

U. S. A.

Abstract.- Neutron scattering methods have been used to Investigate the
la-ttice dynamics of stage-one Rb graphite. intercalate (Rb) nodes with
polarizations and wave vectors parallel to the basal plane have bean ob-
served for the first tine. The experinentally-derived partial phonon
density of states for intercalate nodes is compared with model calcula-
tions. Phonon dispersion curves have been measured for longitudinal c-
axis nodes and for some transverse nodes propagating In the basal plane.

1. Rmpertment.- A large (6 cm3) sample was prepared by the usual two-bulb

nethodl from Union Carbide EYR pyrolitic graphite. The crystallites In such a

sample are aligned with a common c-axis but are randomly oriented In the ab
plane. A triple-axis spectrometer at the Oak Ridge Research Reactor was used to
carry out the neutron scattering neasurenents.

2.* Intercalate N6odes. - By these we mean phonons for wbich the motion Involved

are almost completely those of the intercalate (Rb) atoms, with wave vectors and

displacements parallel to the basal plans. By averaging spectra for a number of

wave vector transfers Q in the basal plane, we hae been able to obtain a par-

tial phonoa density of states for the Intercalate modes,, s shown In Fig. 1. In
the low-energy region shown, for such scans with 4 parallel to the basal plame,
the graphtte host responds only very weakly because of the wery strong forces

opposing Intralayer In-plane displacementg Of 'C atom. * bs general roo back-
ground and inelastic scattering from the graphite planes (determined by a msa
on pure pyrolitic graphite) gavi a smooth, gently sloping centribatioe to the

observed spectra wich was subtracted off In order to obtafn the intercalate

modi spectrum. Thlb latter s then owlerted to a ph"nes density of states by
dividift by well-known fattore In the one-pbo msttft cre"0 seetlem.

lbs data sam in PIS. I verb comapared with several moel ealenistim. In
so ease mete able to obtain gsid mgreeset with ftdels consideing estly

Nreinent. address : Materials Research Laboratory, University of Illinois, Urbana,
Illinois 61801, U.S.A.
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C

2 "Fig. 1 Points are the experi-

- mentally-derived partial phonon01 • / density of states for inter-

-.< NN ',.s 
calate modes. Calculation NN1

o I e "I I results from a two-dimensional
* ~ (2D) nearest-neighbor force

I model, while C represents a 3D

0 I 2 3 4 unscreened Coulomb force model.

FREQUENCY v(ThZ)

short-range (i.e., nearest-neighbor) forces between Rb atoms. On the other

hand, it was found that a model in which the Rb-Rb forces were simply the

unscreened Coulomb interactions between +1 ions gave a good description of the

intercalate mode phonon density of states (see curve C in Fig. 1). This model

has only oe adjustable paramter, representing the short-range C-lb forces,

which creates a low-frequency cutoff to the spectrum, end shifts all modes to

somewhat higher frequencies. The overall shape of the spectrum and the general

magnitude of the frequencies arise from the crystal structure and the Coulomb

interaction, for which we need to Introduce no additional parameters. The good

agreement with experiment shows that conduction electron screening of the Rb

notions, although it met be present, has a much less important effect on the

intercalate phonon spectrum in RbC8 than on the lattice dynamics of pure Rb

metal. 2 3 The unusual order-disorder phase transformations which occur 4 ' 5

in RbC8 and siailar5 compounds must closely involve the intercalate-intercalate

and intercalata-graphite interactions about which we have obtained detailed

information through our experiment and its analysis.

i3. h on Dispersion Curves.- In addition to our observations of intercalate

mods, we have also made measurmnts on phonon dispersion in RbCg. The

longitudinal interlayer frequencies for nodes propagating along the c-axis are

in generally good agreement with the previous easureaento, of lenon et a1. 4

Disperslom curves for transverse modes with polarisation perpendicular to the

basal plane, but with wave vector in the basal plans, were also measured, and

are Absn in the right hand side of rig. 2. Because our . 'l is c-oriented

and not a sinie erystal, these diepersion relations are averages over all

directios in the basa plan. Bowever, as, in pure grphite,' 6 4) ip bu to

be rather isotropIc for q n the basal plane. The lowest of these transverse

branches lies substantially lower than in pure graphite, 6 despite the fact that

the streag aralayet C-C forces wkhlargely determine these nodes in pure

graphite ave umlA&ely to be each different in AbC. qualitatively, this points

to a disproportionate participation of lb motions (i.e., large Rb phanon

• x _- }' ,- ,7: .* .;." -.
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0.2 0.1 0 0.1 0.2 Fig. 2 Phonon dispersion curves for RbC8.
*c"ef 2vt) C (wdAs 4e4/3 o)-

eigenvectors) for these modes in the intercalation compound. Recently proposed

lattice dynamical models7 ,8 should be useful in analysing our results.

The Ames Laboratory is operated for the U.S. Department of Energy by Iowa

State University under contract no. W-7405-Eng-82. This research was supported

by the Office of Basic Energy Sciences, WPAS-EC-02-02-Ol. SAS was supported by

the U.S. Army Research Office under grant no. DAAG-29-80-K-0003.
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DYNAMICS AND THERMODYNAMICS OF A ONE DIMENSIONAL NON-LINEAR LATTICE IN

THE CONTINUUM LIMIT

S.N. Behera and A. Khare*

Institute of Physee, Bhubaneewar-75 1007, India

Depart ient of Physice, Manchester University, Manchester, U.K.

Abstrac.- The dynamics of a on-llneqr one dlaqsional latttce,
wit the on-site potential v($) - (jd/) Cosh 4f- Cosh 24 -

/6) Is considered In the continuum limit. xact classical
kink solutions are obtained# forI < 2. in which case the
potential has the double well foal. The free energy of the
system is calculated using the ground state eigen value of the
Schredinger like equation for this potential.

1. ,bat4m.- In recent years exact classical solutions of one

dimasional non-linear equations have found applications in various

branches of condensed matter physics . The non-linear problem which
are of particular interest to lattice dynamics are the Toda lattice2

and the lattices having on-site potentials with more than one degene-

rate minima, such as the *tand 4 field theories 3 ,4 ; the latter
cases being the continu representations of the corresponding lattice

problem. In all these cases there exist exact large amplitude classi-
cal solutions called 'SolitonsO (kinks) besides the well known small

amplitude harmoic vibrations (phonons). It has been shown by

Kruiahansl and Schrieffer3 for the case of the 4P field theory that at

low temperatures both the phonons as well as the kinks are well
defined excitations of the system and hence contribute to the free

energy. They further identified a part of the exact (calculated with-

n the mKB approximation) free energy with that of an Ideal gas of
the kinks. Since then this identification has und rgone much refine-

ment and rigour5 . In the 4 field theory the on-site potential being

of a double well nature serves as a model for second order phase tran-
sitions. In an earlier publicatimn we4 considered the 4-field theory
(whbere the on-site potential has three minima) as a model for the

fi st order phase transition. In contrast to the 4 4-theory, this has

the advantage that the free enezgy of the system can be calculated
exactly. Hemever, we failed to Identify this exact result with that of

the ideal kink-gee pheaology.

Ta the present paper we report the dynamics of 1f another one-

I __________ _____,__, .I
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dlimnsional linear lattice. which can srve as a model for second
order phase transition and for which It is possible to calculate the

exact free energy.

2. Dvnamics of the Nodel.- In this model the on-site potential Is of

the form

V(A) (-/Z Cos J4 (Ask24> (DC
It can be easily checked that V(4 ) has minima at

= 0 4Y -o ~>2 (2a)

an d 2+ = 20T f j< 2 (2b)

For the latter condition there are two degenerate minima. The values
of the potential at the minima are

V-OV ( =0) -~(3a)

andV~%% C 2 (~ =2/S) 1* ) (b
In the continuum limit the equation of motion of the corresponding

classical field theory is given by

where

S (X (5)yr h]Y
t and Co being the velocity and the maximum sound velocity. It can

be easily checked that eq.(4) has eiact solutions,

• (6)

In the limit of 6 - + * , eqn.(6) gives

= + (7)
which are the values of c corresponding to the degenerate minmas.
Hence, the solutions given by eqi.(6) are the kink solutions having

onof,,

where

Besides the lazge amplitid kink solutions givei by egln.(G) there vii
alsio exist small aMitaad hazmic solutions (phonons) around the

potential ialM.

I; jJ
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3. Statlstical OMoanics of the MIdel.- The free energip of the system

can be oalculated13 4 from a knovledge of the ground state of tke

Sdirodinger like equation

!A4 ;[ (10)
where the temerature dependent effective mass is given by

For the potential given by eqn.(1), equation(10) can be factorized as

(12)

to yield the exact ground stee 6 elgen value

Zo ,, 0 (13)

and the eigen function

= ,,\Q-~/+)C~~a4](14)

Hence the free energy per unit length of the system becomes

Co /Ca. (2) (3n ' ) a1rLi1 4Pa 2

wh er IE- 
2

+ OT (16)

thus the free energy can be evaluated exactly. However as In the case

of the -problea for this potential also It Is not possible to

identify the exact free energy with a phonon part and that of an Ideal

kink gas.
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LIMITATIONS ON THE USEFULNESS OF METALLIC THIN FILM SEMICONDUCTORS FOR

PHONON DETECTION

S.J. Rogers, C.J. Shaw and H.D. Wiederick*

Physios Labzrtory, Unieraity of Kent at Canterbury, Canterbury, Kent, EngZand

R.M. C., Kingston, Canada

Abstract.- Ultra-thin metallic films behave essentially as semiconductors.
We v-explored the use of Ni-Cr devices in this regime for phonon pulse
detection. The evaporated films, which were typically v 20 X thick, were
deposited between layers of SiOx on a sapphire substrate. Suitable films
had room temperature resistances per squarg in the range 10 - 13 Ka and
these values increased to 10 - 106 a at 1 K. By using very short (25p)
conduction paths in parallel, device resistances were reduced to - 100 a
at 10K. We have tested devices down to 0.1 0 K and two serious problems
limit their usefulness: the low temperature resistances are quite non-ohmic
for small currents; the themal time constants are surprisingly long.

Metallic films a few atomic dimensions in thickness behave essentially as semi-
conductors(l); their equivalent specific resistivity is high and the resistance

variation with temperature, T, can be approximately represented by R = Ro exp(To/),

where To is sae characteristic temperature. The conduction mechanism is predonin-

antly tumelling between the island structures -hich are characteristic of such
films. The aperiodic potential of these structures serves to localize the electrons,
and this leads to infinite resistivity at O°K(2). Systems showing such localization '
effects have been of considerable recent interest. The thin film resistivity is in

general not much affected by magnetic fields, and this suggests that it might serve
to detect phonon pulses in experiments requiring such fields. Almost any non-

superconducting metal could be used for a bolometer, but, following Griffin and
?ochel (3) we have concentrated our work on 80/20 Ni-Cr alloy film which can besuccessfully deposited at ra temerature. j

The film studied, which were typically - 20 X in average thickness, were

deposited by evaporation (at a rate %4 /sec) between layers of SiOx on a sapphire

substrate, through which phonon pulses could be transmitted. The SiOx layers were

deposited at rates in the range 20 - 100 I/sec by the evaporation of SiO under a
pressure < 10-5 torr. The first oxide layer on the substrate (% 1000 X) provided a

chemically inert well characterised surface for the Ni-Cr, and the second protective

oxide layer ( 3000 was deposited on top of the Ni-Cr file without bre&ivg the

vacuu. he variation with temperatre of the mistance of the Ni-Cr film depends
criticaty upon their thidum, and se atuc~tr behaviour is observed over a

thicbmes reap of only a fe m (4). e rs tperatur resistivity of our film

provided a senltive guid to their lw temmrattwe propertiss; film with
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resistivities in the range 10 - 13 Ka per square were most suitable for use as

bolcueters at P°K.

The resistance values for suitable films changed little in cooling to 77OK,

though in some cases there was an initial decrease of up to 10%, but the resistances

typically increased to 105 - 106 0 per square at 10K. Such values are inconveniently

large if the bolometer circuit is to have an electrical time constant short compared

with the time scale of typical phonon pulses, and in practical devices an interdig-

ital comb geometry was adopted in which conduction was across Ni-Cr strips -, 25 u

wide. The device resistance values were 102 - 103

1510 . . .times less than for a square film. Somewhat sur-

prisingly, the change in geometry markedly affected

the resistance characteristics of the film. In

narrow geometries the equivalent specific resisti-

SI _vity per square was increased as compared with

. .. that for a square mnitor film. Fig. I shows this

102 i03  effect for a series of simultaneously deposited
CONDUCTION PATH LENGTH (m)

films of differing conduction path length; the

Fig. 1 Effect of film geometry enchancement factor here is the ratio of the

on resistivity measured resistance to that calculated from geo-

metry and the resistance of a square film. Reduc-

ing the conduction path length also changed the

film diickness needed for the desired resistance

variation at 10K; it was therefore necessary to

use thinner film for the interdigital devices.
Fig. 2 shows the resistance variation in the

temperature range 0.1 - 10&K for two such devices

in which the conduction path length was 29 p.

The difference in the two characteristics is a

measure of the difficulty experienced in making
V ' devices to a given specification. In each case,

1:-.- - "above 10K the resistance variation is essentially

epn tial, but there is an uwixpcted plateau.

resistances in this plateau region varied little

with power dissipation, which was - 10.11W for

these m nts, It is possible that the

apparmt almst constant resistance arises because
10t . ...... . ........ of non-oliic effects. We note, however, that InSk 10

TEMPEtM (N) this temperture rnge the resistance of some thin
film Ims been observed to show a logaritiic to%)-

Pig. 2 laistu e of toodwices nature md power ilpm me (s .%en resistivity
(€ J W path - plafte se ely hiti tie devices' uaeful

V *~''
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10 tperature range for phonon detection. Even at

higher temperatures it is difficult to make practi-

.f ...... 4K cal use of the potential sensitivity because the
S - 2.?K film resistances are highly non-ohmic for quite

E'0 s-iiwK mall power inputs. For phonon pulse detection,

zOA the device mast be fed with a biassing current,

/ but typically a current of only 50 uA markedly

reduced the sensitivity. This will be seen in

Fig. 3 which shows the I-V characteristics of an

sO JO 10 WO interdigital device at three temperatures; the
VOLTAGE (mV) differential resistance varies little with temper-

ature except for small biassing currents.Fig. 3 I-V characteristics

for an interdigital In developing these devices it was thoght that
device m-ohmic effects would arise when the voltage

between metallic islands was - kTo/e, and that with
To values of a few degrees, if the film granularity was of the sam scale as the
film thickness (20 - 40 X), it would be possible to use biassing voltages % 100 iW.
This accords with the observations of Griffin and 14 chel that some of their thermo-
meters were essentially ohmic up to power levels . IOr4 W. The alloable dissi-
pation levels for the bias power in our devices were 104 times lower than this.

The usefulness of these devices is further limited by their surprisingly long
thermal time constants (-- 20 us). The thernal origin of these time constants was
confirmed in an experimmt with a superconducting At bolcmeter in series with a
Ni-Cr device on the sam sapphire substrate. The supercnducting fib, responded

rapidly (< 0.1 us) to the phonon flux and gave an undifferentiated sigal, but the
Ni-Cr fim gave an integrated signal, of the opposite polarity, fram which the
original phonon pulse profile could be obtained by electrical differentiation.

Although their sensitivity is poor, we have made same use of the Ni-Cr devices
in experiments on sagWeconhcting As single crystals. It is not clear that they
offer any real advantage over carbon films which also function as integrating dew.
ices and we similarly insensitive to magnetic fields.
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RAMAN SCATTERING IN MoS 2 ,M oSe2 AND a-MoTe2 AT HIGH PRESSURES

S. Sugai*, T. Ueda and K. Hurase

Departient of Physics, Osaka University, Toyonaka, 560 Japan.

Abstract.- Lattice vibrations under hydrostatic high pressure, up to 180 kbar,
were investigated in the layered materials, 2H-MoS ', 2H-oSe 2 and a2H-tdoTe 2,
by Raman scattering. Including the rigid layer moe, one A and two E -
modes were observed in each material. The energy of the riifd layer moil
rapidly increased with pressure, but the increase became slow above 50 kbar.
The pressure dependences of the interlayer shear force constant and intra-
layer shear force constant were obtained using a linear chain model.

The Group VI transition metal, molybdenum dichalcogenide NoX2 has the

typical 2H-type layer structure. The 2H-NoX 2 contains two layers in a unit cell,

and therefore the rigid layer mode is observable by optical spectroscopy, and the

weak van der Wals interlayer binding force can be investigated. Applying hydro-

static pressure, the interlayer distance rapidly decreases and interlayer binding

force increases.

The crystal structure of 2H-KoS 2 , 2H-NoSe 2 and a2H-NoTe 2 is the hexagonal

Dh. The long wavelength optical phonons are A + A 2 B + 2B 2 + +
2E2g + E2.6 The Al , Elg and E 2g-modes are Raan active. One 2g and one E, 2g-

mode (B2 ) a "re the rigid layer modes. The lattice vibration has been measured by
g9 ,2) 1pcrsoy-45Raman scattering," ) infrared spcrsoy " ) and neutron scattering$ ) at atmos-

pheric pressure. The Alg and E2 I - modes in 2H-MoS 2 have been measured under high

pressure. 6)

The hydrostatic high pressure was generated by a diamond anvil cell. The

pressure was measured by a wavelength shift of a ruby R1 fluorescence line

(dP/dA = 2.74 kbar / A). The Raman scattering experiment was executed in a back

scattering configuration using a 5145 A argon ion laser average power 100 iN, and a

double holographic grating monochrometer, Spex 1400. The Alg and E2 g - modes are

observable in this configuration.

Figures l(a) - (c) show the observed pressure dependence of the phonon

energies. The energies of rigid layer modes increase rapidly with pressure, but

the increase decreases above 50 kbar. The energies at atmospheric pressure are in

good agreement with Wieting, et al's data, 1 '2 ) and the pressure coefficient of the

Alg and E - modes near atmospheric pressure is in good agreement with Bagnall, et

*Present address: Div.Sngineerig, grown University, Providence, RI 02912

t-> 0-7.T
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al's data.6 These results are summarized in

2I4-MoS~Table 1.

Many models have been proposed to calcu-

A% late the phonon energy. In this paper, the

simple linear chain model proposed by Wieting 
7)

was. adopted. The shear and compressive force

constants between the chalcogen planes of the

neighboring layers are expressed by Cs andC

respectively. The shear and compressive force

EL !0 constants between the molybdenum and chalcogen

planes in a layer are expressed by C w and

respectively. The energy of the A lgand E 2g

modes are

Fila u2 (Ajg (C~ c 2C c)/Mx,

W I2g Cw (I - 2CbN /C s Mx )/M,

w (Eg) 4Cb/(Mm --+M)

2H-MSSSI where Mm and Nxare the atomic masses of molyb-

300-denum and chalcogen. and M = MmM^N+2N,). The
shear force constant C; rapidly increases with

-216,pressure as shown in Fig. 2. The ratio of the

1 20 ANinterlayer shear force constant C a and the

intralayer shear force constant Crapidly
increases with pressure, but the value is only

do. 8%, even at 150 kbar. Evidence of a phase

transition was not observed in the pressure

range of this experiment.

The authors are grateful to S. Uchida and

nip S. Tanaka for supplying tioS 2 and M~
crystals.

Fig. l(b)

MI
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2 2H-MOT0 2  0 MOS2

16- 0 Oe

01020 10 16 0
PASR kbr

ph~~~~iiPESUR enrgesi 21-D (),i

~~IPressur depndnc aod theMo ()

Ajgrle foc cntat

2ggE 2

aw y w aw y 5 w

Cm 1 Ca.- kbar

Ns2 413.5 0.40 0.42 387 0.19 0.21 33.5 0.45 5.8

Noe2 244 0.31 283 0.23 26 0.36

aftTe 1 74 0.26 234 0.26 27.5 0.37

s ; s Cb a (C/C )

_______ dyne Ca 1  dyne Cm kbar'

o 2 2.7x103  70 1.5X10 S 110 1.6x10_2  4x10 -

Noe2 2.6 so 1.4 210 1.8 5

1001T02 3.9 110 1.1 230 13.5 9

Table I1 The phonon energies, the force constants and their pressure
eTivatives.
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GAS PHASE RAMAN SPECTRUM OF TCNQ AND PRESSURE DEPENDENCE OF THE MODES

IN CRYSTALS OF TNCQ °

C. Carlone , N.K. Hota* , H.J. Stolz** , M. Elbert*** , H. Kuzmany"* and

H.D. Hochheimer**

Ddpa'tement de Physique, Universit, de Sherbrooke, Sherbrooke, Quebec, Canada,
J1K 2R1.

*Ddpartement de chimie, Coll~ge miZitaire royal, St-Jean, Quebec, Canada.

** -Planck-Institut flir Festkorperforschung, 7000 Stuttgart 80 , F.R.G.

***Ludwig Boltzmann Institut flir featkorperforschung, and Institut fflr festkorper-

physik der Universitdt Wien, Wien, Austria.

Abstract. - The Raman spectrum of gaseous TCNQ was obtained. Vibrations were
detected at 40, 76, 145, 340, 1225, 1454, 1606 and 2230 ( ± 2) cm- 1 . The pres-
sure dependence of the Raman modes in crystals of TCNQ, TTF, K(TCNQ), Cs2 (TCNQ3
perylene-TCNQ and phenazine-TCNQ, were obtained in a diamond cell in the pres-
sure range 0 to 70 Kbar. The mode Gruneisen parameter were found to span seve-
ral orders of magnitude. It is concluded that all of the observed low frequen-
cy modes in this class of compounds are mixed modes of internal and external
characters.

The unusual physical properties of complexes involving the molecules tetra-

thiafulvalene (TTF) and Tetracyanoquinodimethane (TCNQ) have stimulated within the

last decade considerable activity in the field of organic materials research. It

has been customary to describe the lattice dynamics of these compounds in terms of

internal modes and external modes, with the gap between the two regimes lying bet-

ween 200 and 300 cm- 1 . We have studied the pressure dependence of the phonons in

crystals of TCNQ° , TTF° , K(TCNQ), Cs2 (TCNQ)3, perylee-TCNQ and phenazine-TCNQ in

order to learn about their bond anharmonicities. The pressure data was ambiguous

with respect to the division of the modes and we found it necessary to perform gas

phase spectra. We found by heating purified TCNQ powder in a quartz cell, gas phase

vibration* at 40, 76, 145, 340, 1225, 1454, 1606 and 2230 cm- 1 (see Fig. 1). The

low frequency modes indicate that the gap between internal and external modes lies

below 40 cm- 1 .

The pressure dependence of the crystal phonons for TCNQ° are given in Table 1.
1 d

The quantity _ dp is proportional to the mode Gruneisen parameter y; the y vs
frequency dependence forTCNQ is shown in Fig. 2. The other compounds studied re-

vealed similar plots, i.e. y spans over two orders of magnitude and it decreases

monotonically as a function of the frequency. Further, details are available (1).

S y. - From the gas phase Raman spectrum of TCNQ° and from the mode Crilneisen

parameter distribution, no simple picture of mode separation between external and

internal ones in TCNQ° can be derived. Stated otherwise, there is no clearcut dis-jtinction between strong intramolecular and weak intermolecular forces, but rather

a continuous variation of bond strength ever several orders of magnitude.
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-1M dv

0v(cn-) dp
gas crystal (ca- /kbar)

40 45 0.42

76 67 1.00

0 85 0.83

106 1.97

p 145 144 0.64

154 0.56

0 163 1.39

rf) 180 1.78

300 0.25

340 330 0.34

0
368 0.45

I 427 0.25

590 0.08

712 0.36

W 1C) 751 0.06

to CM 950 0.39

y 0E 1189 0.78

C 1225 1206 0.42

*0 1317 0.58

y N 1334 0.17

144 145 0.50

144 145 0.53

0
A 1597 0.48

1606 1602 0.45

E 2228 0.42

C 2230 2232 0.39

Table 1. : Gas phase vibration and
crystal phonons in TCNQ0 . The pressu-
re dependence of the phonons is given.

CJ The quantity 1 Am- is proportional
v dp

0 to the mode Gruelsen parameter, and
in) it is plotted as a function of fre-

-j -quency in Fig. 2.

08 °
FIG. 1 aman Intensity of TQIQ- gas phase.
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TC NQ0

cry tol
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l * *

d 1

[kbr-']

L Jj

10 100 1000
V (cm- I)

Fig. 2 Pressure dependence of the phonons in TCNQ° . The quantity
I dv

V 4 is proportional to the mode Grhneleen parameter. For crystalshvingone type ofbond, such as the III-V tetraedrally bonded smicoaductors,y is essen-
tilly constant. For crystals having two types of bonds, such as molecular crystals
and layer structures, y assumes two values, oue corresponding to low frequency modes
and the other to the high frequency modes. For the compounds studied here, TT 0 ,
TCNQ° , K(TCNQ), C82(TCNQ) 3 , perylne-TCNQ and phenasine-TC9Q, ' is a monotonically
decreasing function of the frequency, covering several orders of egnitude.

Rferences. -
1. C. Carlone, N.K. Rots, N.J. Stola, M. 9lbert, N. Ksmay and LD. Doehbeiaer. J.

Chim. Phys. to appear Oct. 1961.
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THERMAL EXPANSION OF ALKALI-GRAPHITE INTERCALATION COMPOUNDS

S.E. Hardcastle and H. Zabel

Loomis Laboratory of Physics and Matertials Research Laboratory, University of
Illinois at Urbana-Champaign, Urbana, ILL. 61801, U.S.A.

Abstract.-The c-axis thermal expansion of several alkali-graphite intercal-
ation compounds has been measured by means of x-ray scattering between 15 and
300 K. The thermal expansion depends strongly on the stage of the compound
and is largest for C8M (N-K,Rb,Cs) compounds. The data have been analyzed
in terms of an one-dimensional quasi-harmonic approximation, which yields
Griineisen parameters two or three times as large as for pristine graphite.

1. Introduction. - There is an instrinsic interest in the study of the thermal

expansion (TE) of graphite and graphite intercalation compounds, because of their

high anisotropy and unusually large anharmonic properties. The c-axis TE of pris-

tine graphite is large (2.8 x 10-5/K) and positive, while the a-axis TE is very

small and slightly negative at room temperature. 1 The vibrational and thermal

properties of graphite can artificially be changed by inserting monatomic layers of

alkali atoms between the Van der Weals gap of graphite planes. 2 In these alkali-
graphite intercalation compounds (AGIC's) the graphite and alkali planes form a
regular stack along the hexagonal c-axis. In the following we report on a syste-

matic study of the c-axis TE of AGIG's in dependence of the stage n of the compound

(n designates the number of graphite planes between two intercalated planes) and

the alkali atoms chosen by mens of x-ray Brag-scatterin8.

2. Experimental. - Highly oriented pyrolytic graphite (HOPO) was Intercalated

with alkali atoms by the two bulb method In the usual maner. 3 The homogeneity and
stage of the compound was determined by (001) scans. The Ti was measured between 15

and 300 K during heating and cooling cycles with Noa radiation. A more detailed

description of the experimental set up will be given elsewhere.

3. Results. - In P1. la the c-mais TZ of stage I K, Rb, sad Ca GIC's is com-

pared with pristine graphite, end in Fig. lb the comparison is made with stage 2 K

and Rb compounds. In Fig. Ic the c-azis T3'a of stages I through 3 of K GIC's are

plotted. In each case the data are normalized tb the lattice constant c 0 , taken

at the lowest rsued teperature. In all cases the TZ shows a characteristic

zero slope at low temperatures, due to the thermal occupation number. Stage 1 com-

pounds exhibit the largest TE, while the Ti's of higher stage compounds approach

the value of pristine graphite. This behavior t not unexpected, sine, the fro-

quency spectrum of the higher stage compounds is dominated by the vibration of the
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interior graphite planes.

i1 , f , I . T , I , I I . . 6 ) 1 . , . I .(oj (b)

*HOPG a - HOPG
CK C24 K

26 CRb 06- C24,b
CCs"

1 4 - .: : 4 .,,..
0 - ..'.

I . I. , ,I I * I -I0

20 60 100 140 10220260 300 20 60 I00 140 60 220 260 300
TEMPERATURE (K) TEMPERATURE (K)

(c)
6 C9K

•C24K

C K .. " Fig. 1: Thermal expansion of alkali-

graphite Intercalation compounds, (a)
4 of stage 1K, Rb, Co compounds, (b)

%or  of stage 2 K, and Rb. In (c) differ-
2 eant stages of K compounds are

compared.
0 ° , * I * I ,

2D 60 00 140 I0 220 260 300
TEMPERATURE (K)

4. Discussion. - The c-axis thermal expansion is linked to the thermal vibration

of atoms with polarization in the c-direction. These are mainly the low frequency

[00111 modes. The higher modes are separated from the lover by a large frequency gap

and can therefore be neglected. It has been shown recently that the [O011L modes

are strongly influenced by intercalation. The nterplanar coupling constants are
changed, and frequency gaps occur at the cAmter and boundary of the BrIllouin zones,

creating new max:ima in the density of states. There are in principal two possible

reasons for an increased TE of AGIC's as compared to pristine graphite: either the

phonon density of states increased and/or the anhermonicity of the vibrational

potential is enhanced. To elucidate these possibilities, the Ti's have been

analyzed in terms of a 1-D quasi-harmonic approximation,6 in which the relative

change of the c-axis is given by:

AC Y p- v -' -s-( c/ Z
C 0  C3 3  c there' D hc 0 )

and the thermal energy is:

nere~is~~~Th - :fkm ctsh -~edo o ahc.

Rare yc is the mode Ordneien parameter, the elastic constants C33 for each com-

pound have been taken from Ref. 5, V Is the volume of a unit call, a is the lattice

vibrationl frequency, and % is the Boltaman constant. The thermal energy boo

been determined by numerical integration over the measured [O0lIL phomon dispersions.

I-i 5:..
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In Fig. 2 the TE is plotted against the thermal energy for the compound C8 K. From

HOP6e

6 ." Table 1

? 5. "Compound Temperature range y

3 HOPG 15 - 10 5 .31
2.. 120 - 300 .49

I..:' - CgK 15 - 105 .71
O "4 _ _ _125 - 220 1.12

5 10 15 2 240 - 300 1.75

THERMAL ENY(meV) C2K 15 - 150 .32

Fig. 2: c-axis thermal ex- 24  160 - 300 .86

pension of stage 1 K and
HOPG against thermal energy, C36K 15- 70 .31
gained from[O01 L phonon dis- 90 - 170 .48

persions. 190 - 300 .71

the saope, the Grlneisan parameter has been derived. In Table I parameters gained

in this way for K compounds are listed and compared with HOPG. The Grfineisen

parameter of pristine graphite is in good agreement with published data.
7 The

anharuonicity of the lattice vibrations in c-direction seems severely influenced by

the intercalation process: stage 1 compounds show a Considerably higher yc at low

temperatures, which even increases at higher temperatures. Also, stage 2 and 3

compounds exhibit increased Gr/neisen parameters. Therefore, we believe that the

dominant effect for the large TE of A.IC's is an increased anharmonicity of the

lattice vibrations, rather than the higher density of states in the frequency region

considered here.

We acknowledge valuable discussion with A. Magerl, R. Wicklow and R. Fiedler,

donation of HOP from A. W. Moore, and funding from U. S. DOE DE-AC02-761R01198,

Research Corporation and the University of Illinois Research Board.
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LATTICE DYNAMICS OF GRAPHITE INTERCALATION COMPOUNDS - MODELLED BY THE

PHONON DISPERSION OF LINEAR CHAINS

A. Magerl and H. Zabel*

Inatitut L a-Lang.vin, 168, 38042 Grewnoble Cedex, Pramoe.

*Looia Laboratory of Plmjeio and ateraLe Rearah Laboratoryi, Uniweeity of
Illinois at Urbana-Chamlaigf, Urbana, IL 61801, U.S.A.

Abstract.-The characteristic features of the phonon dispersion of a monatomic
linear chain In a Born - yon 9rmdn and a shell model formalism are outlined.
Comparing model calculations with measurements of the 1O01]L phonon dispersion
of intercalated graphite, we find that a shell model has to be used for an
appropriate description.

The displacement pattern of [OOl]L phonon modea in graphite and graphite inter-

calates is determined by interplanar forces only. Because these modes show a one-

dimensional character, a linear chain with two different masses representing inter-

cilated and graphite layers provides an appropriate model. The effective repeat

distance for a stage n compound extends over a graphite and 1 intercalated layer.

Correspondingly, the [001] dispersion consists of 1 acoustical and n optical branches.

WM*%VNK4WX MDELSHEL MODEL

S.A0j :

": cpatiso of the pbmome dispersio of a momtomi chain calculated by a
-on Un model ad by a shell model.

~~~~~~.;............. -- ,i .,. ... "... ,
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Complete (001]L phonondispersions are now available for stage 1 and 2 K, Rb

and Cs and for stage 3 K compounds. 1 In a recent publication the three lower

branches of C3 6 could be well described by a Born - von KFrmin model (BvK), with

only nearest neighbor interactions. 2 However, this model fails, when including

the third optical branch (compare Fig. 2a).

To improve the fit, we have extended the BvK model to include longer ranged

Interactions: i.) an interaction between two alkali layers, ii.) an interaction

between the bonding graphite planes on both sides of an alkali layer, iii.) an

Interaction between an alkali layer and the second nearest neighbor graphite planes.

However, with the exception of stage 1 Rb, the measurments could not be described

reasonably well by any one of these four BvK models.

Shell models (SM), which treat an interaction between two mass points via an

electronic shell with mass zero (adiabatic approximation), reveal a distinctively

different behavior. 3 The phonon dispersion of a monatomic chain, calculated by

M1 ~ b) 0.0S0 M -M,A X---- ow' ----tA--A iA

25'

i0, 'I
0- 20

E

CP

1€ 10

.1 .3 .5 31 .3 .5

QC/2v QC/27

F [.2: 100I,L phonon dispersion of sta.e 3 C3 6 K. The solid linde represent
fits by (a) a Born - von frsin model and (b) by a shell model. Fit parmeters
are Indicated In the insertion.
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a two-parameter BvK model and a two-parameter SM are compared in Fig. 1. Decreasing

the second neighbor force constant 2 to zero for the BvK model or increasing the

core shell interaction #K to infinity for the SM only leaves one force constant for

both models. The phonon dispersions are then identical, revealing sinusodial

functions for w(q). Increasing *2 in thv BvK model influences the dispersion over

a large regime of the Brillouin zone (BZ). Particularly, the initial slope of the

dispersion is changed, whereas the value at the edge of the BZ remains constant.

However, a finite value of #K in the SM mainly reduces the phonon modes at the

edge of the BZ, while leaving the initial slope unchanged.

As an example, in Fig. 2 a fit of the [0011L dispersion with the SvK model

and SM for stage 3 C3 6
K is shown. The SM provides also a very good description

for stage 1 and 2 compounds which is presented n ref. 4. We therefore believe

that the nteraction of alkali and graphite planes via an "electronic layer"

Is an essential feature of the 10011L phonon dispersion of alkali ntercalates.

One of us (H.Z.) acknowledges support by the U. S. Department of Energy

under Contract DE-ACO2-76ER01198.
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TWO-EXCITON PROCESS RESONANT RAM4AN SCATTERING IN InSe

N. Kuroda and Y. Nishina

The Reeearoh Institute for Iron, Steel and Other NetaZse, Tohola Univereity,
Sendai 980, Japan.

Abstract.- Resonant Raman spectra of nonpolar optical phonons
inItheRTayer compound InSo have been measured in the A-exciton
region at 1.8 K and 77 K. Out-of-plane phonons exhibit their
resonance dispersions typical of the one-exciton process. The
in-plane phonon exhibits a dispersion which can be explained
exclusively in terms of the two-exciton process where the A-
and the C-exciton serve simultaneously as the resonance inter-
mediate states. The results show that the out-of-plane phonons
induce only intraband electronic scatterings, whereas in-plane
ones do interband scatterings alone.

1. Experiment.- Measurement has been performed in the back scattering

geometry by means of a conventional photon counting method. Eight

oscillation lines of an Ar-ion laser are used as the light source.

The laser beam is incident normal to the cleaved surface of a 3R(y)-

InSe crystal which is immersed in liquid helium at 1.8 K or in liquid

nitrogen at 77 K.

2. Results.- There are four nonpolar optical phonons in 3R(y)-InSe,
2 3 2 1)rI, r., - 3 and r 

3 being all active for Raman scattering and observed

at 118, 234, 43 and 182 ca 1 at 1.8 X, respectively. Figure 1 shows

resonance dispersions of cross sections of these phonons at 1.8 K.
Experimental data at 77 K are also plotted in the same figure, where

they are shifted by 13 meV towards higher photon energies on account

of the thermal shift of the energy gap. This procedure is justified

by the fact that the damping constant of the A-exciton increases only

by 30 1 with increase in temperature from 1.8 K to 77 1. Two out-of-
plae hoon, 2 an 3 arplane phonons, rI and rI, are strongly enhanced by the resonance of

excitation or scattered photons with the Is state of the A-exciton
lying at 2.S47 eV. On the other hand, the in-plane phonon, r.,
exhibits its resonance enhancement by an order of magnitude weaker

than the two r, phonons.

3. Discussion.- A group theoretical analysis shows that any rI mode is
allowed for intraband scatterings within ZS 6 (A), Z 4(s) or Z4 (C)

valence bads and for the interband scattering between Z 4(s) and Z4 (C)

low-
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bands; any r3 mode can participate in any interband scattering and in

intraband scatterings within Z4 (B) and Z4 (C) bands. In the quasicubic

model concerning these Se p-like valence bands, no probability is

found for the interband scattering by a r, phonon nor for the intra-

band scattering by a r3 phonon. Hance any r, phonon can participate

only in the intraband scattering, where a s any r phonon can partici-

pate only in the interband scattering. This selection rule is in a

remarkable contrast to the case of zincblende structure crystals in

which A and B valence bands are degenerate, thereby the TO phonon

participates in both intraband and interband scatterings.,)  The Z4 (B)
valence band in InSe is raised in energy as high as 1.209 eV above the

Z5,6 (A) valence band by a strong uniaxial crystalline field.
3) Thus

the presence of the B-exciton can be neglected as far as the resonance

effect in the A-exciton region is concerned. The C-exciton is

separated by 0.344 eV from the A-exciton by the spin-orbit interaction

of Se p,,y orbitals. The following arguments show that the C-exciton

as well as the A-exciton plays an essential role as the resonance

intermediate state to give rise to the scattering by the r; 
p3onon.

The tine dependent third order perturbation theory for the

resoeant Rain tensor involving exciton effect has been developed in

the last several years." 4 ,S) In the case where isotropic Wannier

excitoas with a finite dakplag serve as the resonance intermediate

states, the Ren tensor is siren by

LP , ' , .. S " , .", '-
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R(Aw) - A E a°3P aD P [ I n-3 (hw+i n+R*n-2Eo)lw+il+Rn-
2 E0)-1

1'w' +in-E 1w-E hw -E

r Rh .1/2 .R' /

+wicothw T( * /.2 -wicothff fi, +RnE* 1/2 ], (1)

where liw and 1 ' are photon energies of incident and scattered lights,

respectively, -hw0 the energy of the phonon involved in the scattering,

R* the effective Rydberg of an exciton, ao the Bohr radius, q the

damping constant, E(a) the energy gap between the a(B) valence band

and the conduction band, Pa(B) the optical matrix element and D 8 the

deformation potential. The summation over a = B terms of eq.(l) gives

the Raman tensor of the one-exciton process, and the summation over

a # B terms gives that of the two-exciton process. Raman cross

sections, JR(llw)1 2 for the three phonons have been calculated from

eq.(l) with R* - 15 meV, n = 7.6 meV, EA - 2.562 eV and E = -

2.906 eV 3) assuming DMA(rl 2 Dcc(r 2), DAA(r 3) - Dcc(r 3i) and DC( 3)
DCA(r3). The best fit to points are obtained with the

ratios of DAACF2 DAA(r1) DAC(F3) - 1 0.9 :1.5 as shown in

figure 1. Theoretical curves for two r1 phonons calculated in terms

of the one-exciton process explain the strong resonance enhancement

observed. They, however, appreciably deviate from experimental values

as the photon energy varies away from resonance, suggesting the

presence of a background which is somewhat dependent on photon energy.

The theoretical curve for the r phonon, on the other hand, is

calculated in terms of the two-exciton process involving the A- and C-

exciton states in accord with the selection rule mentioned above. The

curve shows that the resonance enhancement is comparatively small but

the cross section should be kept rather high and nearly constant for

photon energies between the two exicton states. This particular

feature is excellently reproduced by the experimental cross section in

the whole photon energy region examined in the present work.
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EFFECT OF ELECTRON-PHONON INTERACTION ON RAMAN SPECTRA OF GRAPHITE
INTERCALATION COMPOUNDS

H. Miyazaki and C. Horie

Depar tent of Applied Phyaio, Tohoku University, Sendai, Japan.

Abstract.-Theoretical study is presented of effects of electron-
phonon interactions on Raman spectra of acceptor graphite inter-
calation compounds of stages 3 and 4. It is discussed that the
spectral shape of the doublet peaks observed at around 1600 cm-I
is practically Lorentzian contrary to the case of stage 1
compounds intercalated with alkali metals. It is also shown
that the coupling of Raman-active phonons with electrons local-
ized mostly on carbon layers adjacent to intercalants yields the
doublet separation of about 10 cm- 1 .

1. Introduction.- Even though there are a large amount of experimental

studies of the lattice dynamics of graphite intercalation compounds
(GIC), only few theoretical studies have been carried out for phonon
properties mainly because of complexity of the system. In the previous
paper [1), we have shown that the dynamical coupling between electron
and Raman-active phonon plays an essential role in determining the
anomalous line shape of Raman spectra near 1500cm-I of the first stage

GIC intercalated with alkali metals. The same idea is extended to

higher stage GIC, in which the electronic structure is different from
the first stage GIC. Our main emphasis is to show that the dynamical
effect of the electron-phonon coupling still plays an important role
in determining the doublet structure of Raman spectra observed near
1600cmi- 1 of GIC's with stage n Z3. In the present paper, we focus our
attention to the case of acceptor compounds of stages 3 and 4 because
of simplicity of calculations. Our results show that about one half
of the magnitude of the doublet separation in the Roman spectra ob-
served is attributed to the difference in electron-phonon couplings;
one with electrons localized on carbon layers adjacent to intercalants
and the other with electrons distributed on interior carbon layers. It
is argued that the spectral line shape is practically Lorntxian con-
trary to the case of the first stage GIC intercalated with alkali

etals.

2. - It has been established that the lower frequency component

____low



c6-336 JOURTNAL DE PHYSIQUE

of the doublet of Raman spectra for acceptor GIC's is attributed to
E'92 modes of interior graphite layers, whereas the upper component
is associated with E2g 2 modes of bounding graphite layers adjacent to
intercalants [2]. Our main interest is to study how electron-phonon

coupling contributes to the large up-shift of the E2g mode relative
to the Elg2 mode, which is observed to be about 20 2cm -1 for all
acceptor GIC's studied. For this purpose we start with an electronic
band structure of stages 3 and 4 acceptor GIC' s calculated by Blinowski
and Rigaux (3]. In their model, the electronic charge distribution on
carbon layers adjacent to an intercalant layer and the corresponding

band structure are calculated self-consistently for a given charge
transfer f, which is defined by a fraction of charge transfer per one
intercalant. The band structure determined, then, is adopted to cal-
culate self-energies of electrons by taking into account the inter-
action with both longitudinal and transverse acoustic phonons, because
these phonons have a comparable magnitude of coupling with electrons

[4]. The Raman-active phonon self-energies due to the coupling with
the renormalized electrons are, then, calculated by solving the Dyson
equation self-consistently. In accordance with the model described
above, the phonon associated with the bounding E2g 2 mode interacts pri-
marily with electrons mostly localized on the carbon layer adjacent to
intercalant layer, whereas the phonon associated with interior Eg
mode interacts primarily with electrons residing on interior carbon
layers. Since the charge distribution along the c-axis is found to be
strongly localized on the carbon layers adjacent to an intercalant
layer, the renormalized phonon frequency determined is found to be
different for f2g and Eg modes, respectively. The phonon frequency
difference AD is fisted in Table I for several values of charge trans-
fer f. The coupling constant of electron with Raman-active phonons
was taken to be 0.1eV Il]. Since the renormalized phonon frequencies
fall in or are close to electronic excitation energies, the most

important contribution to the Raman scattering cross-section is given
(c)by o1 (see eq.(7) in [11), which might give rise to a Fano-type

resonance when the Fano parameter Q is close to 1 1. In fact, the
.c )- is written as

(c) C 0 12
-C + 1

wbere nI indicates a number of bounding or interior layers, 0 is the

'292 mode frequency, - (Aw - a )/r,, and the sum is taken over
bounding and interior modes. Contributions other than are found
to yield a broad and almost flat baokground. In Table I are listed

/ XW A-
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the Fano parameter Q and the r for each mode. The value of r is
determined by the imaginary part of the phonon self-energy and gives

a measure of the Raman line width.

Table I : Frequency shift AQ- 2B-Q and line shape parameter,
Q and , as a function of charge transfer f. Suffices B and I
indicate bounding and interior modes, respectively.

f Aft (cm-l) r B(cm-l1) r I (cm-l) OB

0.35 8.71 1.42 0.37 6.90 -3.44

C36x 0.4 10.08 1.55 0.43 7.51 -3.45
0.45 11.42 1.66 0.49 4.99 -3.82
0.5 12.75 1.73 0.55 4.01 -4.61

0.35 8.40 4.41 0.53 -4.76 -11.48

0.4 9.68 4.87 0.49 -5.68 -10.13

0.45 10.95 5.21 0.44 -6.09 -9.88
0.5 12.27 5.49 0.38 -8.89 -13.89

3. Conclusion.- The present calculation of Raman spectra has been

carried out at zero temperature. It has been found that the Fano
parameters calculated are far from unity and the line shape of both

g2g 2 and E;g2 peaks are practically Lorentzian. We can also conclude
that the dynamical effect of electron-phonon coupling yields the

doublet separation of about one half of the magnitude observed in

Raman spectra of stages 3 and 4 acceptor GIC's. The remaining shift
between and Eg can be attributed to the difference in ion-ion

interactions [5]. It is also noticed that a slight increase of AM with

increasing f is due to the increase in the localized charge distribu-

tion on the bounding layers adjacent to the intercalant layer. It is

clear then that the doublet separation would be strongly linked with
the value of charge transfer, though the value of f is not definitely

known at present for all acceptor GIC's of stages 3 and 4 studied.
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BASAL THERMAL CONDUCTIVITY OF TiSe 2

C. Ayache and H. Nufiez-Regueiro

Service des Basses Tenqmrture8 - Laboratoire de Cryophysique, Centre d 'Etudes
Nucldaires de GrenobZe, 85 X - 38041 Grenoble Cedex, France.

Abstract - We present the first results on the thermal conductivity of TiSe2.
For this semimetal the heat transport is found to occur only through phonons
within the investigated temperature range (1.65 - 150 K). At lower tempera-
tures, possible origins for the nearly T2 observed law are analyzed. The
other features of KiT) are also examined.

1 - Introduction - The semimetal TiSe2 undergoes below 200 K a phase transition essen-

tially characterized by a superlattice formation with the doubling of the unit cell.

Several mechanisms have been proposed for this transition [1-4] but no one has yet

been definitely proved. As phonons are thought to play a role whose importance

depends on the mechanism, they deserve special attention.

Using neutron inelastic diffraction, the phonon dispersion curves have been mea-

sured both at room [5] and low temperatures [6]. They were seen to be of a 2-dimen-

sional nature and also to exhibit an anomalous behaviour for a transverse mode at the

L-point [6-7]. Also a central peak was shown to exist [6-8]. Specific heat measure-

ments gave only a small evidence of the transition at 200 K [9]. Zone center optical

phonons were also extensively investigated. However the thermal conductivity has not

been so far examined mainly due to the smallness and brittleness of the samples. Thus

we have used a method specially developped for measuring such samples from helium up

to room temperatures [10].

2 - Experimental results - Several samples were measured. These are platelets of

about 5 um thick and 0.2 x 0.5 cm for basal dimensions. They are monocrystals but

certainly contain a large number of stacking faults. Their electrical resistivity at

room temperature is typically 1 .1x10 3  cmand the characteristic resistivity ratios

are respectively p (165 K)/p (300 K) -,, 2.5 and p (300 K) (4.2 K) - 4.

On the figure is shown a logarithmic diagram of the basal thermal conductivity

data obtained in the range 1.65 - 150 K. Absolute values are not defined better than

30-40 % because of a bad geometrical definition especially for the thermocouple

contacts. Relative precision, however, is within a few percent.

From the lowest temperature up to about 25 K, K Increases with T, following at

first an approximately T2 law. The K/T2 diagram (see figure insert) shows that above

5 K a rapid deviation from this temperature dependence occurs. ,e maximum value at

about 25 K is 0.3 W cmK 1 , much lower than the maximum values for any other semi-
metal of the Group V [11). Above 30 K and up to 100-110 K a T-0 6 law is observed.
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At higher temperature K(T) departs from this behaviour and appears to increase with

temperature. Thermal radiation however can have some effect even with the method

currently used and need more detailed examination which will be published later.

3 - Discussion - From the electrical resistivity data and the Wiedemann-Franz law it

is evident that throughout the studied temperature range, heat transport is essen- i
tially due to the lattice contribution. At lower temperatures this is consistent with

the absence of any T-law behaviour. A T2-instead of a T3-law for the lattice conduc-

tivity is not unusual in a metal or a semi-metal [11-12]. Such a behaviour is gene-

rally ascribed either to (intravalley) electron-phonon interaction or *o scattering

by static dislocations [12]. These explanations seem not to hold in the present case

the former because no correlative T s behaviour is observed for the ideal electrical

resistivity whereas the latter involves too large a number of dislocations (;t 4 1011

cm" 2 ) For layer structures, however, one also has to take into account the anisotro-

py of the phonon branches. Such an approach was carried out for graphite by Dreyfus

and Maynard (ON) (131. In their extension of Casimir's theory, also considering the

anisotropy of crystal dimensions, they showed the basal thermal conductivity to

minly result from the so-called "in plane" modes which have their polarization

parallel to the basal plane. A continuous passage from T3 to T2 Is predicted which

is controlled by only one parameter connected with the value of the C* elastic cons-

tant. Then the phonon man free path can be determined and is expected to be consis-

tent with the smeller basal dimension. Qualitatively and to sam extent qantitati-

vely, analysis shows many similar features in the structural properties of graphite

and TiSe2. We thus have fitted our results to I theory adjustiag C44 and the honon

__ - ~ 1
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basal mean free path. Results are shown in the figure insert and are seen to repro-

duce qualitatively the trend below 5 K. However the C44 value obtained (0.1 10 10

dynes cm-2) is much lower than the measured one from ref. [5] (14.3 10 10 dynes cM-2).

On the other hand, if the latter value is used the T2 regime would be expected at

higher temperatures (20-30 K) and in fact would hardly be visible. Also the

mean free path obtained (1.6 um) is much smaller than expected. These discrepancies

could be explained by moving dislocations able to decrease the phonon velocity [14].

The velocity for the transverse ultrasonic wave propagating along the c-axis should

be especially reduced. We have verified this prediction and measured about 350 m/s

to be compared with 140 m/s deduced from our fitted C4. However such a treatment is

not consistent because the correlative change in the phonon mean free path must be

taken into account, and so ON theory has to be extended.

The range 5-25 K seems difficult to explain in an usual way but it could perhaps

be connected with observed anomalies in other transport properties. Above 25 K, the

behaviour of K(T) does not present the usual features of umklapp processes resis-

tance [12]. On the other hand, if one considers the absorption of phonons in inter-

pocket transitions to be an important mechanism one can predict from the dominant

phonon scheme [12] an effective temperature range starting about 30-40 K up to 100-

130 K ; this grossly corresponds to the extent of the T-O61aw.Twootherargumentsalso

favour such an assumption : firstly, the low value of the Fermi energy in this semi-

metal makes transitions possible over the whole volume of the pockets and, secondly,

the thermal conductivity is mainly by tranverse in-plane phonons which are seen to

be most strongly affected by the transition [6]. However more data and development

of calculation are needed in the range 100-300 K in order to make this point clearer.
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ELECTROSTATIC ENERGY AND LATTICE VIBRATIONS IN THIN IONIC SLABS

G. Kanellis*, J.F. Morhange and H. Balkanski
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Abstract. - We have calculated the Electrostatic energy per cell for
thin io-nic slabs of any structure and any orientation, as a function
of the position of the cell and the thickness of the slab. It is
shown that a macroscopic depolarizing field is created inside the
slabs of certain orientations. The Coulomb interaction between pla-
ne lattices is also calculated for the general case and the result.
are applied to GaAs.

1. The Electrostatic energy.- Considering a slab parallel to the (hkZ)
plane of the crystal, one can choose such a unit cell that the primitive
translation vectors aand a2 lie on the plane (hkZ) and aout of it.
The expression for the electrostatic energy per cell of the cell 1(1

2' I), analogous to the lMadelung constant is

N

a(Z,N) 0 K K

-. 90 Zink-blood* 13. 1'j 'K 2 i K 1(K-

-41 --94--6 were r is the nearest neighbor distance, K
I1OO ~ and K'run over all atoms in the above defined

4kunit cell, 1,, Z~ run fro- t in the
-1.30.charge fraction atributed to ion K~ and N sea-

sures the thickness of the slab in unit cells.
t _11.40 By setting for each position vector

I _Z 2 sil1 jL (2)

whore 11 and 1~ designate the parallel and per-

-1 pendicular to the slab omonents of the-vectors
respectively, and using a variant of Rwald's
imethod we evaluate the two -dimensional infi-

t0 n ite aim in relation (1). For t -p(00Z 5 ) we

(fwn..er of a.wI obtain,

Fig. 1. Electr'ostatic energy per
Cell fin central cells in a slab
as a function of its thickness.

*Peru. edress: First Labor'atory of Physics, University of Thessaloniki GrCeece.
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-"0 NKEKI
a(Z NA - ~ exp{-27riji~ (Z3K;1 3 K91 -27rii X Kl3 K~ti9} +

r R r 0 R rOR \ 2
o I &-

K i' i'40O
for ic-.e,

to 1

+ r7 VeZ (,jj1~ep{2-fiii(K9}fa1:t K&K i N (3)
2a KK' T#0 (2ICKK

where K"runs over all atoms in the unit cell lying on the same plane

(hkl), 9 and i are vectors of the two -dimensional direct and recipro-

cal lattices respectively, Sa is the area of the two-dimensional unit

cell and
11(x) = -E ( 4

H(X) f exp(-t 2)dt(4

It is expected that for very thick slabs (N --) expression (3) gives

the Madelung constant of the structure. This is the case indeed only

if the plane (hkl) is neutral. If not, the limit of a(Z3,NM) for N-
is different by the amount

2wr
Aa V 0C. 0(5

a

where P is the dipole moment of a unit cell, va its volume and ; is
the unit vector perpendicular to the plane (hkl). Aa(-o) expresses the

energy of a unit cell in the macroscopic depolarizing field created by

the charged planes of the slab. In fig. I we give some results for slabs
of different orientations in the zink -blende structure.

II. The Coulomb Interaction.- The field at a lattice site (ZK) due to

all dipoles P(Wk at lattice sites ;(?K9 is given by,

x (ZC)Ox. Ia" lW

where q is the wave vector.

Evaluating the above double summation by the same method mentioned a-
Wove we obtain:

(w)

where
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2 (Taq)(T+q) + Ii +ilooso +

+ ihi{ (Ta +qa)cosO + (T, +q,)coaa I exp{-2r +Ii xI (Z3 K; 1I -2'i -'(Zc;Z 3 , ,

(8a)

ra Q(Z; DIq R R3 7-Ho(j Z-Kejep2iq.;I3K
9

47a 3 (T a +%a) (T +jO)H(,,I +4j1 leXP-{2,,r.Z(eK)) ON(,

coa been the direction cosines of ;o"

As it can be seen, all terms in the above expressions are regular
functions of j for q- -0. Hence there is no macroscopic field lying on

the plane of the slab.
By differentiating the total electrostatic energy of the slab in afield
equal in magnitute and opposite in direction to the depolarizing field,

the macroscopic field due to vibrations of the plane lattices along Vo
is obtained. For a slab parallel to the plane (111) of the rink -blende

structure it is,

E ZK , coa Ry o d--50 (6Ljv6KR+5L316KI +6L,, +
a )SaLCf 3-

N2d
+ 5V"316d2) +-=-(6 3 1601+6 3 N62) (6 1'1&2 .6 Z~V6dS)I

L

where L is the thickness of the slab and d the shortest distance be-

tween two successive planes.
Expression (9) gives the well known macroscopic field for infinite
thickness, while for thinner slabs implies interaction between each

surface plane and the rest of the slab.
We applied the above results on GaAs slabs parallel to (117) planes.

The normal modes obtained belong to A branches of the infinite crystal,
while the surface modes have frequencies between the and WLA ofthe
L point on the rillouin zone boundary.

____..._______ j , ..
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PHONONS IN GRAPHITE INTERCALATED WITH BROMINE

F. Batallan, I. Rosenman, C. Simon, G. Furdin* and H.J. Lauter**

Gr'oup do Physique des SoZidea de Z 'Ecole Normal. Supdrieure., iiniversiti Par-is
7, Towr 23 - 2 P~aCe Juasieu, 75251 Par-is Cedex 05, France.

*lhiiveraitg de Nancy I. Nancy, France.

**Inotitut Liaue-Langevin, Grenoble, France.

Abstract * - We have investigated the phonon spectrum in stage 2 graphite
intercalate with bromine by using inelastic neutron scattering. We have
observed longitudinal and transverse phonons along the c direction as well
as in the layer plane. Results are presented for energies up to 15 T~az at
300 K. A linear chain model explains most of our results.

1. Introduction. - Graphite foram intercalation compounds with a large variety of

atoms or molecules. Among them the acceptor compounds made by intercalating halogens

or acid molecules present the most interesting properties :a metallic type of

conductivity with a very large anisotropy, so that they can be considered as; 2-D

metaels. Their electronic structure and properties are now well known l. but very

few results on their lattice dynamics have yet been published (2) and even these

concern mostly Raman active modes.* A few neutron studies in donor compounds are

available 3 5 . We present here the first Almost complete investigation of the

phonon spectrum in a graphite acceptor intercalation compound (GAC) :the stage 2
compound with bromine.

2. Smle and experiment. - The sample (0.8 x 1.5 x 3 cm?3) was made by direct inter-

calation of bromine in highly oriented pyrolitic graphite (DOFG). it should be

mentioned here that it is very difficult to prepare large and homogeneous samples

by intercalation. The composition as checked by elastic neutron scattering showed

the presence of a non negligible amunt of stage 3. Nowever a careful analysis of

the inelastic results had allowed us to separte the pbonona belonging to stages 2

and 3. The experiments were made on INS spectromeiter at the high flux reactor of the,

institute Laue-lAngevin in Grenoble, France. ge have used energies up to 15 TUa and

mommta resolution of 0.01 A-.1 We have made experiments, r-- 300 K and 10 K. As our

sample is obtained from a=U, it can be considered as a 2-D powder. In the recipro-

cal space we have the Bragg reflauions (0.0,1) corresponding to the identity period

Iand the circles (h,k) in the basal plane of graphite or bromine. We present here

only remilts on stage 2 obtained at 300 K.

3. Deemt. and Interpretation. - Ve have cheexwed phorons; in four different configu-

rations ozreetPoodbmg to i 1001]?., [0011?, 10OJL and 10101?. As the *"Via is

a powder in the basal pilane oaly the phonons in the configuration [001 IL are
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unambigously defined. All our results in the four configurations for energies less

than 15 THz are reported in Fig. 1.

We have not performed a complete calculation of the force constant model.

However by using only some simple assumptions, we were able to interpret most of

our experimental results. We have based our approach on the calculations for

pristine graphite ( 6 , 7 ) which Introduce force constant parameters in the orn-von

Karman models. We now consider our experimental results of the phonons for each

configuration :

a) - [001]L - We assnme that the three experimental branches correspond to rigid

modes, we then calculate the phonon branches given by a linear harmonic chain model

with interactions limited to the nearest neighbors. We have used two force constants

and two masses which represent an average per carbon atom, as has been previously

used ( 5 ) . We find a very good agreement with the experimental results (see Fig. 2)

for the following values, mC - 12.01 a.m.u, mBr - 11.42 a.u.m, *;-c - 2840 dyn/cm

and C-Br = 1280 dyn/cm. The ratio m/m corresponds to the formula C1 4 Br, which

results from an elastic scan studies we have made.

Energy Enery ITHZ )

14
I 1/,.... " .~ -

12 3

10~ '° 'I
LO0 2

6 T1 %

2
TO* TA -OA -02 0

as2/° (2 1-o ))
(2m'/c) Q(4IT/oVY) Q (21W

rig. I1 ibons in second stage bromine Fi.2- Phonons in the [00131.. The vsr-
intercalation compound of graphite. The tical bars are the experimental values.
vertical bars correspond to constant Q The continuous lines are the results of
scam and the horizontal constant a seam. the computation with o r - 0.45

and mft/m,, a 0.95. The dished are
the results of che calculation for pure
UWS .
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b) L001TO - Although for this branch resonances are very difficult to observe,

we get an almost flat phonon branch at 1 THz. The flatness means the absence of pro-

pagation along [001] direction for the transverse optical phonons. This feature can

be related to the absence of transverse coupling C = 0. This is confirmed by the
value I T~z which is exactly r2 less than the value at r point in HOPG(6). This shows

t
also that *CC in this GC is the same as in BOPG.

c) 120IL - In the range of energy that we have investigated, the branch is

linear, and gives a sound velocity of the same value as that in ROPG (6) This means

that we can take for the radial constant between carbon atoms in the graphite layer

the same values as in pristine HOG (6 '7 )

d) [0101T - We have observed three branches : two TO and one TA. At the r

point, these are connected to the [O01]L branches. As the energy raises, the three

branches merge together and give at the zone boundary the same value of BOPG. Due

to the multiplicity of the interactions involved in these branches we need a more

complex model in order to interpret the results.
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PHONON RAMAN SPECTROSCOPY IN GRAPHITE INTERCALATION COMPOUNDS
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Abstract.- The atoms or molecules intercalated in a graphite
intercalation compound are correlated spatially among themselves,

resulting in a static structure factor with sharp peaks. Graphite
phonons with momenta corresponding to these structure factor
peaks have a higher probability of being scattered into the
Brillouin zone center and becoming Raman active. With this
momentum selection scheme, we can interpret the observed Raman
features of graphite intercalation compounds with various in-
plane structures.

1. Introduction.- Graphite intercalation compounds (GIC's) exhibit

various ordered and disordered in-plane structures of the intercala-

tion species. It is interesting to examine how the phonon modes of the

host graphite crystal are perturbed by the intercalation structures.

Stage 1 donor-type GIC's have the simplest 3-dimensional ordered

structures among all intercalation compounds. Nevertheless, the inter-

pretation of their unusual Raman features has been a vexing problem

for several years. 1,2

The Raman spectra for various stage 1 donor GIC's are summarized

in Fig. 1. A strong frequency dependent continuum is observed in the

spectra for RuC6 and 1C8 (K = K, Rb and Cs). It couples with the

graphite mode, resulting in a broad Fano peak at 150010 cm- 1 .

For 3C8 , a doublet or triplet Raman feature is also observed around

580 cm-1 . Li' 6 only exhibits a relatively sharp peak at 1594&5 cm
-1 .

Note that at room temperature, NC8 has a (2X2)R0 ° superlattice in-

plane structure, while that for EuC6 and LiC6 is (/5X/')R30 .

On the basis of phonon band structure calculations for KC8 and

bC8, 4it is possible to associate the co cm-1 feature with the gra-
phite X point phonons, which are rendered first-order Raman active by

zone folding of the (2X2) superlattice.1 However, the zone folding

approach can not asount for the continuous background observed.

Also, It has been found5 that the Run spectrum for CsC8 in its high

temperature disordered phase is hardly distinguishable from that in

the oom temperature ordered phase. Thus, It is sugg stedS that both
th 580 5Wa " feature and the continuous background are disorder-

1411 -
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Fig. 1 : Raman spectra for (a) EuC6 1,
(b)CsC and (c) LiC, recorded at
room telperature (frOm Ref. 3). The
1840 cm- peak of EuCt is found to be
sample depentent and Is attributed to
EuC , an impurity on the surface. The
spectra for KC and RbC8 are similarft so ows to that for C C8.

induced scattering.
Here we present a model incorporating the static structure factor

for phonon scattering and the momentum selection rules for the Raman

process, and show that both the disorder-induced scattering and the

zone folding effect are extreme cases of a same basic phenomenon.

2. Theor.- Due to the weak interlayer interaction, the phonon disper-

sion curves of graphite intralayer modes are essentially preserved in

GIC's. However, the graphite phonons can be elastically scattered by J A
the intercalation layers and exchange momentum k with the intercalation!

lattice with relative probability S(k). Here S(k) is the static struc-

ture factor for elastic scattering and should have the same general

form for X-ray, electron, neutron, and phonon scattering.

For GIC's with perfect commensurate ordered structures, S(k)
contains only sharp superlattice Bragg peaks. The above momentum
selection scheme is identical to the zone folding mechanism. On the

other hand, if the intercalation species were completely spatially
uncorrelated, they would contribute a flat background to S(E). The
resulting disorder-indueed scattering would reflect the phonon density

of states of the whole Brillouin zone.

In real GIC 's, the intercalation species are strongly spatially

correlated. They result in a structure factor with essentially disorete

peaks. Non-zone-enter phonons with momenta corresponding to the peaks
of S(k) will have a higher probability of being scattered into the
zone center and becoming Raman active.

Consider CeC 8 as an example, Fig. 2 shows the structure factor in

its ordered and disordered phases. The struotu" factor for the dis-

ordered phases exhibits a strong peak at q * . jO and 1.43 1 for the
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~. ~ aThe static structure factor
Seermined by X-ray scattering for

(a the excess sample CsC8 at 700 K,

,..(bthe non-excess sample Cs 08C- at 700 K and (c) CsC. 0.8
t 300 K (from Ref. 6). The momentum

- ! Iof the (100) peak in (c) corres-
I e am M ponds to the Th distance in the

i graphite 2-dimensional Brillouin
zone shown as the insert.

excess and the non-excess samples, respectively, which correspond to

90% and 100% of the IM distance in the Brillouin zone of graphite.

The FWHM of these teaks are 20% of PM. Since the phonon bands near the

M points are flat, only a small shift in the Raman frequency is

expected when the Cs layer undergoes the order-disorder phase tran3i-

tion.
Using this structure factor momentum selection scheme, we can

also explain why the 580 cm-1 peak of the density of states of the

graphite phonons does not show up in the Raman spectra for other dis-

ordered GIC's, as well as why the strong Fano peak only exists in the
spectra for NC8 and EuC6 . Details will be given elsewhere.

7'8

3. Conclusion.- GIC's are a unique system of materials with a high

density of "impurities" which are spatially correlated among them- i
selves, but only weakly perturb the phonon bands of the host crystal.

A momentum selection scheme based on the static structure factor must
be employed to describe the disorder-induced Raman scattering.

This research is supported by the Research Board of the Univer-
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RAM4AN SCATTERING STUDIES OF FOLDED SHEARING PHONONS IN KC1 2n (n=2 6)

N. Wade, N.V. Klein and H. Zabel +

Coordinated Science Laboratory*, Department of Physics + and Materiae
Research Laboratory, University of Illinois at Urbana-Champaign, Urbana,
Xl1inoia 61801, U.S.A.

Abstract.- Raman measurements were performed on KC12n (n-26) in the very low
frequency region (10"50 cm 1 ) at room temperature. We assign the observed
Raman peaks to the folded k1-O phonons from the c-axis transverse acoustic
branch of pristine graphite. A simple linear chain model was used to deduce
the shearing force constants between the layers.

1. Introduction.- The dynamics of inter- and intra-layer interactions in graphite

intercalation compounds (GIC's) have recently attracted such research interest,

especially because of its important role in understanding the various dimensionality-

related structural phase transitions and the staging mechanism (a stage -n compound

consists of a periodic layer sequence of an intercalant layer and n graphite layers).

Frequently, the concept of Brillouin zone-folding generated by the new periodicity

upon intercalation has been employed to interpret the lattice dynamics of GIC's.

Neutron inelaas*c measurements [1,2 ] revealed the zone folding effects on the c-axis 'I
longitudinal acoustic phonon branches in alkali GIC's (AGIC's). Raman measurements

13,41 on stage-1 AGIC's shoved some disputable evidence for the in-plane zone-

folding.

In this paper we present Raman results on KCI 2 n (n-2^6) which demonstrate the

zone-folding effects on the 00] TA branch. The interlayer shearing interaction

will be discussed. More detailed discussion is given elsewhere 151.

2. Bermsnl.- Samples were prepared by the vapor transport method [61 from

highly oriented pyrolytic graphite (HOPG). The HOPG samples were cleaved by Scotch

tape, providing an atomically smooth surface before intercalation. Each sample was

characterized by [00) x-ray reflection measurements before taking the Reman spectra.

Rma.n spectra were taken in the pseudo-Brewster angle configuration at room

temperture with a 1 meter focal length home-mde double-grating mnochromator

equipped with concave holographic gratings, using a 5145 A Ar + laser beam focused

into a line Image 50 p wide by I m long. The power was limited to 300 W to avoid

local deterioration of the sample.

3. Results sad Discussion.- Figure 1 shows Reman spectra of KCl 2 n (a- 2--6) taken in

the cros-polarized configuration at room temperature. No apparent polarization
d ace of the mn pesks was detected in these experiments. If Fig. 1, we

J = ,X ',.. .'7 q. ,. - ,NA
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Fig.1 : Raman spectra of KC12n (n-2%6)
(-a,,taken in the depolarized configuration

.L (a) at room temperature. The spectra (a)
- o(e) were taken from stage 2"%6 samples,

respectively. The background levels are
' 3 ( not absolute. The signal-to-background

0 0 Vft%0q ratios were about 1/2 in (a), 1/4 in (b),
-* 1/6 in (c) and 1/10 in the other spectra.

-3, . 5 . (Ci The arrows indicate the calculated
Z, -W values of the phonon frequencies (see

0 text).

1 (dl

0 10 20 30 40

RAMAN SHIFT (CMW)

positively identify two peaks at 19 and 23 cm
-1 in stage 2, two peaks at 23 and 34-l -

cm in stage 3, three peaks at 16, 19, and 39 cm- 1 in stage 4, five peaks at 17,

26, 30, 34, and 41 cm-1 in stage 5, and three peaks at 24, 29, and 33 cm- 1 in stage

6. These observed peaks are attributed to the folded [00t] TA phonons because of

their extremely low excitation energies and their stage dependence. Note that a

stage-n compound presumably posesses n zone-center shearing optical modes since a

unit cell contains (n+l) layers. With use of a nearest-neighbor linear chain model,

the shearing force constants (SFC's) were deduced, as is shown in Table 1. Here,

#1' 29 3* and G stand for

Table I : The shearing force constants potassium(K)-bounding carbon(BC), BC-
in KC12n (n- 2,.5). interior carbon(IC), IC-IC, and pristine

#1/G #2/4G 43/#G graphite C-C force constants, respec-

Stage 2 0.10 0.58 tively. The calculated phonon frequen-

Stage 3 0.10 0.84 cies using these SFC's are indicated

Stage 4 0.14 1.03 1.13 with arrows in Fig. 1. We did not

Stage 5 0.22 1.07 1.13 attempt to extract the SFC's of stage 6,

because of the poor quality of the

spectrum. Though these SFC's should not be taken too seriously because of the

missing peaks and our simple model, the following trends can be deduced from the

table. First, the K-C shearing interaction in these compounds is much weaker than

that of C-C in pristine graphite, and relatively stage independent. This is not

surprising since the K layers are disordered at room temperature, and have a layer

stochiomstry of KC1 2 [7). Second, the SFC's of IC-IC layers is close to that of

pristine graphite. This is consistent with the accepted picture [8 that the IC-IC

interactions in GIC'o should be similar to that in graphite. Third, the SFC of
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BC-BC layers is surprisingly small in stage 2 (one might expect stronger interaction

because of the excess electrons donated by K atoms), and the SFC of BC-IC layers

approaches that of C-C layers in pristine graphite with increasing stage. This

observation of the anamalous weak interlayer interaction is difficult to understand.

Note that x-ray measurements of the compressibility at high pressure also showed an

extremely soft interlayer interaction in KC24 [9]. Possible explanations are (1)

the electrons in the w orbits mainly form anti-bonding orbitals along the c-axis,

(2) because i orbits are more electron-filled in GIC's, and thus the Pauli exclusion

principle repulsive force becomes stronger, or (3) because of the Coulombic inter-

action, the majority of w electrons are localized on the K
+ ion side, leaving the w

orbits on the other side relatively empty 1101. This leads to a weak BC-C inter-

layer interaction. Finally, we mention that stiffening of the BC-IC interlayer

interaction with increasing stage suggests an extended charge delocalization in

higher stage compounds.
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samples, and A. W. Moore for providing the HOPG used in these experiments. This
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Abstract.- By using stationarity properties within the finite
temperature density functional approach, it is shown that the
calculation of phonons and electron-phonon coupling processes
can be based on the coupling between renormalized "bare" phonons
and the HKS one-electron system, under the condition that the
potential remains "frozen". This explains the success of
calculations of phonon anomalies and electron-phonon coupling
parameters in transition metals which were based on rigidly
moving potentials. The approach Is rigorously applied using the

$ LMTO-ASA band method. It is found successful in ab initio
calculations of shear moduli in transition metals, and promising
for complete phonon and electron-phonon coupling calculations.

1. Introduction.- The success of first principles microscopic calcula-

tions of phonon spectra in metals# was limited in the past to free-

electron like cases. Following the pseudopotential technique, one can

start there from the jellium model assuming that the pseudopatential

is weak, and expanding the energy change in powers of it. The obtained

expression is separated into electronic and ionic parts /1/, and has

been extensively applied for simple metals /2-4/.

This type of calculations does not succeed in transition metals

:id their compounds and alloys, which exhibit interesting properties

(not found in general in simple metals) such as anomalies correlated

with instabilities and high superconducting transition teaperatures.

In the last few years there have been many attempts to develop the

microscopic theory of phonon-spectra and 'electron-phonon coupling in

these metals /5-14/. However, to our knowledge, there has yet been no

completely first-principles (parameterless) calculation of phonon

spectra in transition metals, for general q points. In addition, recent

* Present address: Physics Departement, Technion, Haifa, Israel

i_ _ _
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explanations of phonon anomalies looked contradictory: some were based

on one-electron theory, and other one many-body screening effects.

In this work we develop further the ideas initiated in ref. 14
showing that many-body effects (including non-local exchange-correla-

tion) could be represented, under certain conditions, as one-electron

effects. So the problem of screening could be avoided, simplifying
first principles calculations of phonon spectra and electron-phonon

coupling in transition metals for general q points.

2. Stationarity Prorerties.- Let us generalize to finite temperatures

the ideas of ref. 14, using Mermin's generalization /15/ to the HKS

approach /16-17/. One introduces a free energy functional F{v,nl of

the variables: v(r) the external potential to the electrons system,
and n(r) - a "permissible* electronic density. We consider an external

potential which has a smooth dependence on a parameter 0: v(B,r), and
denote by n(O,r) the corresponding thermally averaged density. The free

energy F(B), corresponding to this potential, is equal to F{v(0),n(8)1.

In addition, this functional satisfies a minimum property under
density variations, which introduces the stationarity property /14/

F(8 o ) = F{v( 0o ), n(0)) + O(B-0o)2 (1)

In order to calculate F, one Introduces /17/ an effective system
of non-interacting electrons,(the '%one-electron system") with the same

thermally averaged density n(r). In this system one uses the one-
electron Namiltonian Hn f- 2 V2 /2m + vn (r), where the effective one-

electron potential vn i e given by /17/,:

vn(r) = v(r) + ve(r) + vxc(r) (2)

vc(4) is the Coulomb potential due to the electrons, and vxc(r) is the

so called 0exchange-correlation" potential. Rn satisfies the swcular

equation: Hn!+bk> - Nb(k)Ibk>, yielding a spectrum of eigen-values and
elgen-states, obtakned by a band calculation. The one-electron free

energy In can be expressed as a functionalof vn, and is given by:

rn(vn) nZF + TI log [1-f(Xb~k))j (3)
bk
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where n is the number of electrons, EF is the Fermi level, T is tempe-

rature, and f(E) is the Fermi function.

Let us consider a one-electron potential which has a smooth

dependence on a parameter a: vn(a,r) and denote by n(a,r) the

thermally averaged density related to it through:

n(r) = f( Ck b T k,r 2  (4)
bk

where *b (k,r) is the wave-function corresponding to lb k>. The free
energy functional of the real electrons system is given by /17/:

F{v,n} = Gn{n} + Uc{v,n) + Fxcn) (3)

where Uc is the total Coulomb energy of the electron-nuclei system,

Fxc is the so called "exchange-correlation" free energy, and Gn is

given by:

Gn{n(c) = Fn{Vn(Q)} - fvn(o,r)n(c&,r)d3r (6)

On the basis of the same arguments that led to Eq. (1), and the

properties of a Legendre transformation /14/ we get the followingi

stationarity property (with respect to variations in vn :

Gn{n(a)) - Fn{vn(ao)} -fV n(ao,r)n hr)d3r + 0(a-io) 2  (7) 4

By combining Eqw. (M), (5), (7), and denotinqs

v(r) " V(0o, E ) , vn(r) - Vn(ao,), n(E) " n(al, E ) " n(Ol,r) (Ba-c)

we got that the free energy can be exproesed as:

Sr(6o) FA(Vn)-vn(r) n(t)d3r + Uc{v,n) + Fxc(n) (Sd)

+ O(a 1 -o) + O(Bl0o)



C6-358 JOURNAL DE PHYSIQUE

This expression allows us to calculate F on the basis of approximate

n and Vn, which could be specially chosen to simplify the calculation.

Let us consider for simplicity monoatomic crystals with closely packed

structures. They are composed 6f Wi4ner-Seltz (WS) cells of volume Q

and "radius" s=(30/4v)

3. Application to Free Rnergy Differences.- Simple applications of

Eqs. (8), for free energy differences between two crystals with the

same Volume, are achieved /14/ by using the "frozen potential" and the

"frozen density" conditions. Namely vn(r) and n(r) are taken in (8b,c)

the same for both crystals in the inner parts of the WS cells, and at

least on the average close to their boundaries. Considering for

example the influence of an additional external potential V(r) (which
changes v(r) in (8a) to v(r) + V(r)). It turns out, by using these

conditions in (8d), that the free energy change is given to the first

order in V by:

6VF=Ucv,n) fV(r) n(r) d3r (9)

This expression can be applied for the effect of electric fields on the
electrons. Its importance is that exchange-correlation effects do not

appear .xplicitely.By introducing spin .and current, one can apply a I
similar expression also to magnetic fields.

Another application is for the free energy change 6ST with tempe-

rature, assuming that the volume change is negligible, which is valid

at low temperatures (the thermal expansion coefficient is connected

with anharmonicity, and vanishes T -OK). In this case v(r) remains
fixed, and for vn (r) and n(r) we use the above conditions. By (Sd)

we get to the first order in ST:

8TF " 1Xn(Vn } + 6 rxc ( (10)

8TFn{vn) is a one-electron tarm, while 8Txc { n } is due to thermally
activated low lying collective excitations (their calculations are under

the frozen potential and density conditions respectively).

Another application /14/ is for the free energy change 6 F under a

volume conserving lattice strain (characterized by a strain parameter
Y). Such a strain could be a "frozen in" phonoft. Let us use in this

I __ _ _ __ _ __ I_
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case also the condition that n(r) is a muffin-tin (HT) density. Namely

it is spherically symmetric around the WS cell centres, and flat

"enough" on their boundaries. By n(a,r) we denote the spherically

averaged density n(c,r) around the WS cell centre, and introduce the

quantity Z(a) - an(a,s). The band-structure value is denoted by

2O = Z(ao). The corresponding density n(arr) has the first r-deriva-
tive n (Cos) close to zero by symmetry. In order to satisfy the MT

density condition, we require that also the-second r-derivative n(2)
will be zero, and denote the corresponding Z(a) value by Zeff.

The result of the three conditions (frozen potential and density, HIT

density) on (8d) is /14/:

6TF =6Fn{ n  + Z2 A U (1i)
y y Fn {vn} e2ffUN

where UN representsthe Madelung energy of unit charge point ions in a

uniform neutralizing background. 6 Y Fxc has vanished here, including

the leading non-local terms, which can be expressed through an ex-

pansion in density gradients /16/ at the MS cells boundaries, and

fall by the flatness of the MT density there. In the casethat y

represents a symmetry removing strain (such as a frozen-in phonon) it

can be shown /14/ that for a suitably chosen Zeff, the error in Eq.(l1)|

is reduced to order y3, and thus it ai) is valid within the harmonic

approximation. This value of Zeff is given by /14/:

eff 2 o - o dZ(a°)2/da (12)

where the parameter a has been chosen as : a = n (2) (a,s), and it

represents the density deviation from the flatness condition.

The accuracy of Eq. (11) (to order y2) is then linked with the vali-

dity of a linear approximation for non-flatness energy effects (such

as non-local exchange-Correlatiop). The density a-derivative in Eq.

(12) is obtained by perturbation expansion of the wave-functions. As

was shown in ref. 14, this restricts the permissible variations,

obtAining a sharply determined value of Zeff for simple and transition

metals.

In table I we represent the values of Zo and Zeff calculated (at

T-0) for the boo and fcc metals of the 4th-6th rows, on the basis of

self-consistent LNTO-ASA band calculations /18/ (neglecting core

density contributions). We also show in the table the relative change
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Vable It The calculated values of 3'*rf WA the relative difference

between them, In pexceuts. u

to

ruff

1.1m6 2.16 3.34 3.36 3.33 2.84 25
1.106 2.08 3.34 3.72 4.5 4.6 4.2

-1.86 -3.76 .6 2 44% 696 62

lb or T sr Mb ND To Us l64 AV

1.123 2.16 3.92 4.25 3.76 3.19 2.77

1.11U 2.13 3.95 4.54 5.7 5.8 4.6

-1.10 -2.36k 0.66 G."6 52n 620 6s

CD me &a TA 08 Osr Pt hA
1.123 2.17 4.3mo 4.19 4.52 4.03 3.43

1.101 1.9" 4.30M4 5.00 6.4 6.6 5.8
-2.06 -4.36 0.01% 4.66 42 60A 69%

Table 11 t TMe calculated tetrguual sheer soduli Of fee transition mt&Ls

Units Ca Rb rd Ag IV Ipt Au

*1* 110t1 6 441L . it- 147231 S3 1 1.7 tc I.
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between Zo and Zeff . This change represents energy effects which are

included in (14) indirectly, through the variation procedure, concern-

ing among other, non-local exchange-correlation effects. In the free

electron limit, Zeff coincides with Zo, and Eq. (11) with similar

expressions applied using the pseudopotential technique /1,2/. From

table I it turns out that, within the transition metal series, the

fifth column is the closest to free-electrons concerning Zeff - Zo,

while the tenth column is the farthest.

Eq. (11) was applied /14/ to calculate the tetragonal shear moduli

C' - h(Cll-Cl2) of the non-magnetic fcc transition metals (using the

LMTO-ASA band method) and the results are represented in table II.

C'calc is given as a sum of two terms: CL and CA, related to 6F n and

6Y U respectively. Each of these terms has an error bar estimated from

the accuracy of the calculation /14/, and the results agree with the

experimental ones C~xp within the error bars. For Rhodium the theoreti-

cal result preceded the experimental one /19/. For these metals the

difference between Zo and Zeff is large (see Table I), and the trans-

formation (12) is essential.

4. Electron-Phonon Hamiltonian.- The shear results correspond to low-3

limit phonons /8/. For finite S the strain parameter y is represented

by periodic displac--t vectors a (.). Let us introduce the quantities:

periodic d "splaceme Q2M/0a ()* quantities,,0 13a

(0b 2 2

() off a %0 (13a)

9(2) (k,q) a a2<bk Hn Ibk>/ QI a(q)I 0 (gU3

where the derivatvwe of Nn are determined by the frozen potential Con-

dition. There ake two approaches ooncerning the derivatives of lbkv/20/:

the Bloch aproach, urAer which these derivatives vanish; and the Frbh-

lich approach under which !bike form a complete set of Odisplaced"

statesi aYd the matri.x elements of Wf are derivated directly.

At low- temearatures one can take (by Eqs. (8) and (12)) tmperature

indqme nt Vn and l eff , so that the quantities in Eqs. (13) do not

depend on T. Let ab (k) t be the creation operator of the state 'Ik l ,

and P() ! iAS/8%,(s). The 898 one-electron Hamiltonian Hn'oaa be

generalized and expressed as:
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H5- E 1(k) ab(k ab(k) + PaX [(q)* 11W-M+ D (0)~ *)()

bk 03 )-

+ [ gb (k,q) %(51)ab, (k+)t ab(k) + (2) _(2)abkq b'0g -ba a,@ b' I akt

x Qq)*Q () (k _ ab (k)]

+ I <b'klVl bkoa b , (k)tab(k) (14)

bb'k

From a perturbation expansion of Eq. (11) it turns out that this
Hamilltonian determines the phonon frequencies at low temperatures, and
therefore also their line-widths. In addition, it turns out by Eqs.(4),
(9), (11) and (11), that this Hamiltonian can be also used to describe

low temperature physical processes where the (real) electrons are in-
fluenced by external fields (characterized by V) and electron-phonon

coupling (neglecting the temperature dependent contribution of other
collective excitations such as spin and charge fluctuations).

So we could base the electron-phonon problem, within the harmonic

approximation, on the coupling (through g(1) and g (2) )between the D( 0 )

bare phonons, and the HKS one-electron system. The many-body effects
are included indiretly through, (i) the renormalization of Zeff which A
represents, among other things, non-local exchange-correlation effects;
(ii) the use of the frozen potential condition under which potential

and screening corrections are mutually cancelled.

5. D~acussion.- Electron-phonon couplijug calculations in transition
metals are currently done using /11/ the "rigid muffin-tin approxima-

tion" (RMTA), or the "modified tijht-binding approximation" (MTBA).
The frozen potential condition is approximately used in both methods.

So their success, within a one-electron theory, is understood on the
basis of the above discussion. The RKTA has succeeded /I/ in cal-
culitiop cf eewtcx resistivity, pbonon linea ths# tupseling

spectral functions, and the mss-enhancement parametor X. in transition

metals; the small deviations (-10-20%) of the calculated A from the
values ebtained by different experiments /11/ could be explained as due

to spi-fluctuatiome/21/. The AM however failed /1l/ in the low-j
limit Aid for- he anisotro&y of A in Mb /22/ which has large lo-
contrAbvt4aw /L/ This is due to the fact that in the low-S limit,
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ne calculates ratios between infinitesimal numbers, which are sensitive

to inaccuracies introduced by the perturbative "shifting* of the wave-

functions within the Bloch approach (used in the RMTA). This problem

does not exist within the Frhlich approach where the shifting of the

wave-functions is treated rigorously, and indeed calculations using it

in the MTBA, succeeded where the RMTA failed. Such calculations in Nb

were successful for the anisotropy in A /22,7,9/, and for shear ano-

malies (low-q limit) in Zr-Nb-Mo alloys. Such calculations were suc-

cessfulinexplaining A values /9/ and phonon anomalies /10/ in transi-

tion metals and their compounds. The same anomalies could be also

explained as a screening effect /5,6/, and this strengthens our argu-

mentation that such effects are included in the Hamiltonian (14).

The MTBA has its limitations being based on fitting. By approa-

ching the problem with the LMTO-ASA band method, one can rigorously

interpret the frozen-potential condition. The advantages of the NTBA

are restored. Furthermore, the algorithms to calculate Zeff (see table
(0) (1) d g( 2 ) can be naturally built within the framework of

I) D ,g9 andg cnbnaualbulwihntefmwokf

the method /23/. So complete phonon calculations for general %-values,

and also rigorous calculations of electron-phonon coupling processes

have become handy.
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ELECTRON-PHONON COUPLING IN THE NONTRANSITION METAL CADMIUM

B. Dorner, A.A. Chernyshov*, V.V. Pushkarev*, A.Yu. Rumyantsev* and R. Pynn

ILL GrenobZe, France

*Kurthatov Int., Moacowo, U.S.S.R.

Abstract. - By inelastic neutron scattering we observed several
anomalies in the group velocities of the phonon dispersion curves.
They could all be allocated on the Fermi surface. Strengths and
shape of the anomalies differ considerably from theoretical pre-
dictions.

After measuring the phonon dispersion curves of Cd at 80 K by inelastic

neutron scattering /l/ we concentrated on the Kohn anomalies /2/ in

the dispersion curves. Several anomalies (AN's) like Fig. 1 were de-

tected and allocated on the Fermi surface. From calculations in per-

turbation theory, includinq lecond-order terms in the Heine Abarenkov
/3/ model potential, it v. expected that the group velocity at an AN

should exhibit a single maximum or a single minimum depending on

whether the phonon dispersion is followed from inside the Fermi sur-
face towards outside or vice versa /4/. In Fig. 1 anomaly No. 4 should
be a maminam and No. 5, practically coinciding, a minimum. The calcu-

lation shows as a resultant of both effects a maximum, while the
i i I,!

2.0 a , 1.00
." Fig. 1: a) ... Transverse

phonon dispersion curve.
E 1.S 0.75 ooo measured phonon group

'0 velocity.
r b) Predicted group velocity

0-50 " 0 with numbered anomalies /4/.

o~s ' 0.25

0 3l .2 .3 A4 .5

P T K T' M

.._ _ _ _ _ _ _ I
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experimental observation reveals a strong maximum at the predicted
position and a strong unexpected minimum for smaller q-values.

o C
. 7 Fig. 2: Measured (open dots)and

-2. I? calculated (b,d) phonon group
IA I- .5 velocity.EiJs 1.3 ,,,

IA l0O [too1 1,

b 3

2.0 ts

02 4 A 06U@Sa7 40 02025 0,30 C

12tk) M9*4 W VEECTOR I/1Vla

Fig. 2 shows calculated and measured AN's /5/ for two longitudi-
nal dispersion curves in I0041 and ICOOI directions involving the re-
ciprocal lattice vectors T = (002) and T = (100), respectively. Both
calculated AN's and the experimental one in 100I1 directions are com-
parable in strength, but the observed one in I104 direction is much
stronger. Both AN's are related to electron transitions between spheri-
cal parts of the Fermi surface, therefore the band structure should be
similar. But the strong anisotropy of the Cd structure (c/a = 1.886
instead of 1.633 for ideal h.c.p.) produces probably an anisotropy in
the electron phonon interaction and in the electron susceptibility via
an anisotropy in the conduction electron wave function and in the elec-
tron ion potential.

T= 1(101)
Fig. 3: Plane in reciprocal
space perpendicular to 11001

S T [W0]--e-

We investigated the AN s out of symmetry directions as well /5/

and could separate some which coincide for symmetry directions. Par-
ticular attention was paid to electron trangitions between flat parts

(surface of the second Brillouin zone) of the Fermi surface with
- (101). On the flat parts an energy gap must exist. The solid line

in Pig. 3, going through the centre of the Brillouin zone, gives the
trace for eventual AN's of this kind, while along the dashed line AN's
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would occur in the case of a spherical Fermi. surface. The points in
Fig. 3 indicate observed AN's. For the syammetry direction T, where the

AN coincides with q - o, we found a strong variation of the phonon

group velocity for small q.

1.5 b - Fig. 4: Anomalous behavior of-.the phOnon
C_ group velocity in T direction for *Mall
dq' Ia. a) Kohn azqcmaly in. case of a spheri-

cal Fermi. Isurface. b-d) 'Case od a flat
E ~Fermi surface r in (001).
xb: c-0.01; c: e -0.021 d: c-0.03.

~1.3-

PHONMN WWE VECTOR

A calculation /5/ shows that some kind of AN appears even for
flat parts of the Fermi surface, if the gap is sufflielentiy small. Yet,

it is not a Sohn AN, an th alp fte electront Susceptiiity at"
2 k F (2k, being the distance between opposith parts of thelferii sur-

face) is finite and not infinite. The calculated effect on the group

velocity for smaLl qs in T-ditection, io preeeated inFig. 4. Case b.i
reseles the obeerved behaviar.* The gap which is 2 Vt was Aarecter-
ized by the perinoter 6 - Vit/=P0 (,/2) --bet'. isith. value of the

model potential 4t the point .091) and RP(:1/2) is the energy-of an un-

pertur~o4 stote at the sone boundary.

/1/ 5. 3oxei-Ak. neyebav, V.V. Pushkarev,!.A.Yu. Rumantsev And,
R. Pynn; J. Phys, F. 1.1 365 (1961)

/2/ W. Kohnp: MN*. w. LSb. 2, 393 CtMl9g

/3/' V4. 'A~&r*bv 'did V. Vei. Phil. Nag. 12,,529 (196S)

/4/ ~ Y~"; s1karev, A.Yu. 3~aev .Dom and&
lynn; 3 *, (197) .

/5/ 4.k, Cbo SZys; V.V. luabk.arev, A.Yu. Rwyantsev, 3. Dore and

-_7 -- 4,
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RAMAN SCATTERING FROM ANOMALOUS PHONONS IN TRANSITION METALS AND
COMPOUNDS

N. V. Klein

Deparbnont of Physfoo idd fdte'iaZa Researc'h Laboratory, University of ILL inois
at Urb0Vmz-C~AaaPai Mtb'bcuz llindis 61801, U.S.A.

Abstract.*-Phonon anomalies in transition-metal compounds of ten produce
enhanced two-phonon Raman spectra. Examples are given and a theoretical
explanation sketched. The anomalous E phonon and electronic Raman scattering
in V3Si are also discussed.

Phonon anomalies in transition-metal compounds occur when scattering of d-electrons
near the Fermi surface renormalizes the phonon frequencies by giving them a self-
enrgy w(q,wft 0) that is large and negative. 1 This alters the frequeacy by an

amount As[-w (q,O)1., The 'same d-electron-Phonon Interactioans are responsible for

strong two-pbonop overtone Rammn sotteriog. There is a microscopic connection
between the anos14ina and t I Rmap cross-section. 2  Apart from the usual Bose4

factor, the Uattqz is Apprlaxiamat~sayl.3

where F contains a polarizolity-l1ka factor. If w(q,O) wete uhity the sam over q
would -give sSt1y, F(w/2), where: F(a) Is the pihoom density of states. A variable
ir(q,O) givesc seletive Zoes- emhhmemebt for thoae phonsns that awe anomalous,

A SPECTRUM A chin exi~ple of this effiet 'i founid
Is the neimasl phase of theaay**i

transition metal dichalcogenides before

* 40 -'they VuihzgoA aChdrg&-dWWity-wmV4 (CUP)
405-type of -hese transition.2 Vot example,

3W - ~In 2-*6d2 ±Im -'A Ob M so"

255denms". Its overtone gives the

190- emperturespectum,4anshw In Fig.

o too aoowhich softens to 160 cM7 at 100 K.

RAMAN *OFPT (0m') This spectrum Is clearly not the full
7(m/2) but show the soft LA region

71& IsTheA-smme r mn spectrum only.
orW-t"2at 00 aid100 K. (Ref. 4)
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Another example Is found in the group Vb tranition metal carbides. whiich have the

rock-malt structure. The samples always occur with at least a few percent carbon

vacancies, which induce a one-phonon Isman spectrum that is quit* close to 1(0).

This can be seen for acoustic wades In TaC 0 9 , in Fig. 2 In the curves labelled
"iph". The curves labelled "2ph" are two-LA-phonon spectra plotted a f fntio

of w/2. These strong two-phonon peaks are not due to the vacancies, but are

intrinsic and show enhancements relative to 1(w) in the aid-frequsacy region, where

the well-known phonon anomalies 41,.

I Ph

_ 400

2 30

Ii £I ph
I00

2

r^ Zph '

0 100 200

Fig. Assa scattering from j..zh. gls pcr fV81a
a coustic phoaos In T&C0 *,g. Clef. 5) it t
For each symmetry omg and two pboom famea fits to a Loteatolkaela with n-
spectra a i a~rd, -the Utter as r0 00*01
a fametism=01/

An anmealous om-phases. M ass SSbW i. 3 ko -i hs l.)m
"diasmrises" (.100) chsas of V4,m. h freqUemeY i , a mpet.",an

mode 10soft... and broesmias pe oolU . TIspou dasymtry suggesto a Breit-

Wigna-Irn type of ati-romomrnce. The solid ii~ i YU.' 3reesn4 eat
aim moltipliad by an antirmerema factor oupiori ud em a Ini ~Ien
gush Mn wwgsL" *"nlI" -mteeis fti~t o,~mi ' eowpii beii to the

phoand to a easetiws believed to beer~e h~~ a.aeta rsote

toe0. toget with bummer eostmmum rnpoiugM

1%.
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A unified microscopic theory of all these effects has been presented3 '7 , starting

with Kiimbta's Greens function formulsm for Raman scattering. 8 One must calculate

essentially the Imaginary part of an irreducible four-vertex function. Examples are

shown In Fig. 4. The incident photon enters at vertices 1 and 4 and leaves at 2 and

P 3. Final state "cuts" are taken through the central

% C region of the diagrams. Diagram (a) gives interband
2 electronic scattering if ai Oc We believe that such

b b'processes are responsible for the broad Raman con-

tinuum seen in essentially all transition metals.* A

/ cut through the phonon line In D~iagram (b) gives a
/ (a)dressed l-phonon final state. buts throngh (c,a) or

C (c',a') in Diagram (b) give electron-hole-pair final
b states that win Interfere with Diagram (a) to produce

J- a Breit-Wigner-Fano antiresonoce. 9'7 In the case of

(~) V3 Si and other A15 compounds, the Important contribu-

tions to bands (a,c) and (a',c') result when these

bands arise from the r1 2 point, very close to the
I Fermi energy. 1 0

]3 A cut through both phonon lines inDigram (c) gives
/ * 2-pbamon Raman scattering that le-a to Eq. (1), if.,

a s eoected, large Intermediate 66~te daming prevents

(c)*' ~ ,streng resonance Raman emaoe . mto. 3 Other final
states and Fano resonances are possible, but will he

!~a~' FO.~U.±5P~5 ~ loss Important because of the wI*dth of 2-ph~non bands.
lines, elecii#6s; dished
lims, photuas; viga* llzi6e
dressed phouons. (Refi,3,7,6)

This w~rk ims.hApported JV,$L NW through the MiL grant IMi-I-20250.
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LATTICE DYNAMICS OF YA12 AND LaAl2 - A FURTHER CONITRIBUTION TO THE
La-Y PUZZLE

C.T. Yoh*, V. Reichardt. B. Ranker, N. Wicker and M. Lo0evauhaupt*

Kavnforaohulgsentw Kasi & Institut fib. Angetwmdte Xarawphyik I, D-7500
Karlsmlza, Poatfhoh 3540, F.R.G"

* 0 lnatitut fur Peetcfw'erfovaalumg, NomiforscgoeamZeg. Jazio , D-5170 auicjh,
F. R. G.

Abstract.- By nme of inelastic -neutron sclttering we have measured the
phonon dispersion curvet I-inthe main symetry direction. of the cubic Laves
phse Y ~ 2 nTal2 he phonon frequencies in Le are considerably
softer than those of Yll which cannot be explained solely by the different
atomic masses of La-and C. The experimental dispersion curves Are well de-
scribed by axially symmetric Born v. Kkrmhn models taking into account inter-
actions up to the fifth nearest neighbors. Prom this analysis we find that
the nearest neighbor Al-Al ad 2-Ui longitudinal force-constants of YAl 2 are
about twice those of Lahl 2 whereas the in-Al interactions are nearly equal.

Yl2and Lal belong to thd group of cubic' Laws-phases of type AB 2 . In this struc-
ture the A-atows form a dimwand lattice. the remaining teftrahedral sides are occu-
pied by regular tetrahedra of the 9-ato" . 1he Bravais lattice is FCM, the primitive
cell contains 6 atoms. Today more than IS0 representatives of this structure are
known, about 35 of which are superconaducting. The mativation's for our studies of TAl2

22

ties dynamics of such a coon structures on the other hand it Iis of interest that I
Lal2has a stperconacting transition temperature of 3.2K whereas TAI 2 is nonsuper-

conducting at least down to 0.341t . Noeintly relations betweean superconducting and

lattice dynical propeties have been studied for two other pairs of comounds:
TBG(T-7- 7. As (to. 51 2and V0(t -2.SK)-LaS(Tc-.B4K) 3 4. Note that inthose cm

the Y O4SI0onds have the higher to values. For 136 the high To is correlated with a

strong reduction of the translational
Nephonon frequencies dompared with TA6

% mereas for TS3and LaB almost identical
- - _______ dyismiaal f-ae have been fouind.

A2  U.9 4e, 47PI j4,4 473 &alortmetric masrmt nd investi-
2 136 .91 374a, 352b 4US, 4bg gati;0ms of "ae elastic constants 4 av

3 15y2s 3t90 4189 Abos, tat &i; 6e~ye terpature ot

1174.97 38e an6 t.Ah 2 behaves anomalously comped to

""q ~ ~ q 4 Dontuoe 9 arats0 tern. Table I) Atter oceta
tile .taemegml -vle afor theirdo-

laz metaitsmo a4fia beat emtoh
psldh & s'ksmolecular am"$s almost

identical vaue awe obtained fr 1112,

Present adiree t Imatitute of Atomic fsmig, Academia sinica, Pekiag. Cbina

V ~ -.. # -JA4s_
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rK

r XI K _

3D 30, 7.

OjOZ.

IrO 15W pU Ift NO mUM

Fig. 1 Phonas dispersion curves of YAla and LaAl2 at 296K. rai curves were calcu-
lated with t0 parameter M models. por sawe r point frequencies the corrn-
sponding vibrational nodes are indicated. 'the curves to the right were. cal-
aulated with the parameters of YAl a using the atemic mass of La.

Gdland uAhl 3 whereas the values for Xahl 2 are considerably lower.
We performed meaurmnts of both the phonon densities of states and the phonon dis-

persion curves of YAl 2 and LIal at the Karlsruhe rseearch reactor FR2 by means of
inelastic neutron scattering. Pi9 . 1 show. the dispersion curves of YAl 2 a~d La"l 2
at 29ST in the three Main symtry directions. The full curves were calculated with
a to parmter axially symmtric borna v. KUrm~n moe fitted to the expimental

data. The dashes lines indicate the $loves of the acoustic branches at the r point

rection on the right side of rig. I have been calculated with the model Wa~teru

different atomic maemos of T and La are aliainate4-. 0 lid.t the torsional1 mode at

24 MV all branches of 1aA12 aze considerably lowet.

Quantitative information about the Interactions *anbe, Oqtaine4 f ru the. parameters
of the Docan v. KirmftI nmoqels which are I.lsted in T'able ,*a Thethre longitudinal.
fot-constants of the ssarept n*ighbor interactions Of al'4Al NO-All na-If (NO-1,

1,resmiectively are dominant. Shery largely detearmine t~we poeitiaas 4* the Taiqiiae
phaon branches. ir tja the fare-omastmte'fr The a-al m& ?-Y Istaection.- ame
"abt twie a large as the 90ar PReqm * valmas *i 2Dt1 2 . ft ostat a "A'

fo~o-eestma ae about equal for a "De tao poads. mhe Toble. g1is also the In-,
Verse third mot Of imr pOsmn des.tls of st teslcuaftd from the moels.

SEEM'q



C6-373 .

-uj- /a -A~ Y__ O

A M ONU a 0 al 2  Y*I-lb .433 1120 2266
G 9214 111

e-Al .6124 F 1932 1360289 h

G -659 267_

-Al .6494 F 3358 3374 M
- 0 279 1422 -MW

(300R) moe .372 493

3(301*) el. conat. 369 475

13(0) spe heat 352 473 ______________

Table 2: Force-constants tin dyn/cia] Ella Generalized phonon density of
of axially symetric Born v. states determined from neutron
Klrshn models fo -- ~ n scattering experiments and from
YAI 2  al models fitted t~o the experimental

dispersion curves.

Ty agree vell with those values ob'tained from the elastic constants. She ompri-

son with the Debye temperature* fros calorimetric meas~arements, mse to indicate that
the Oman Abnolites of states do n4,t~ ciw much between c1 and So=z. Rowever, dia-

creancesexst aftenthe 04loqiateo earegimentsl apecif ic heats in the t-

side~ th elsi ein tlo epZte.n Fig. 2 ecoppers the generalized'

tions of Maselaw wA Im w e conclude that the sw~ul otpao
spectrum of ia.lX2 is not casdb h tleieof elcrn*I fb"O IM
lie abat 3. &hVeWM tbe FmS. OmMgy ad the f-acaftebts In the eleton states

SIMa, only cls oS hr are acme dif~erences which, according to these jathors

are case bSsoigr jgiai n the asatZ&AL2 .-hther me4"f-
fwicis 6cct her "~ caten"' Of t+Yad emplain' the 3ember soft

pbassm,~ aegt o1 %Z'spawk be, msstrs& at poeseat.

D.."I'JPy~hmff aa b 5, go3(96
2 -1 a' .o.~ - I, e . t ; , p.s --.-

*Pq 4ftyP Mpodhow X,*. PON. *74W, iEqs , 91U&d .M

-, .446 &N at # .4. M 4464 -1* 1 d kf

7~~*44 0.w fo .16 ~tq
J-

M~' .'7
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THE PHONON SPECTRUM EMITTED BY SUPERCONDUCTING Sn TUNNEL JUNCTIONS

P. Berberich and H. Kinder

Physik-Departnant, Techniache Universit~Aft chen. D-8046 Garahing, P.R. G.'

Abstract. -The phonon spectra emitted by superconducting tunnel junctions
were directly analyzed with high resolution using tunable acceptor states of
B in Si as a spectrometer. A consistent and detailed experimental picture of
the different parts of the spectra under various injection conditions was
obtained for the first time.

Tunnel injection of electrons into superconductors leads to energetic quasipar-
tidles which relax by phonop emission. This is not only a subject of the growing
field of "nonequil~hrium superconductivity"/I/ but particularly also the bag* for
phonon spectroscopy/2/. There was a lot of indiritct evidence for various prts of
the emitted phonon spectruml3/4/, and there were two attempts of~ direct spectral an-
alysis/5/6/. But the information.,obtained to date was only qualitative.

In ths paper we present the first quantitative measurements of the ahonon spec-
tra of superconducting junctions, revealing the shape of the recamibination peak, the
contribution of direct recombimation, !the "bromerstrabluns" ot "relazatin"' pbonons
and their reabsorption at fh>24,and a "background" which was not yet directly
observed.

Ifor the spectral analysis, we used the technique of "burning a hole" by reason- Isacs Scattering into the spectrum of the emitted phonons on their wiy to the detae-
ton/SI5. Stress tuned boron acceptors Ja silicon ware used as resoniant scatterers
for the first tim. These have several advantages over previous system, e.g.
Ge:Sb /5/: (i) Silicon to the heat material is-known to be "transparent" for ball-
istic phonons up to very high frequencies; (ii) the acceptor state has no "chemical
shift", forming a true 2-level-system that splits strictly propo6rtional to the
applied uiazial stress; W0ii we observe simple first order' seattilring which illbvs'
a quantitative interpretation of the results; (iv) the frequency resolution was in-,
proved by a factor of 101.

A Si .cryotal/UI of dimensions 2.5x4z15 sme, Icoat 7aining 5z101 3cm-3 B was used as
the spectrtee A Un-azid-e-U generator megtt w" e*tarated em, San WxS tide,
an Al-ozi4o-Al detector junction on tb* qppogits sid4.,Th phomon path was ip V103,
direction. Uniaxial stress w as appliedt pepnicularlyV in fIIIl direction. man was
monitored by a Kistler cell/9/. The appatubs for-proafe Wsneoktioe'wee aorite
by Bridges and Zoller/lOI. The sasle was immerged in liquid helium at 1.0 K.

in all experiments shome here we studied the "difforential spegctrm* of the Bin-
junction which was genermtini th te'uosl fty/2V by lemli Jklea. IA~t1;pdee ew the
de bias vo.tsa. The &setvups hag motsSat while tte. ropenepma Oreqqp -fthe
acceptors was swept by stre. calmih fast trasverse phanan pulse was detected
beesuse of phbae foefiil Z& Idg. I the, hight of thinpo 1 ha heh *fedttimn
of stress at Vaius bias welto"a* an.040" 09Wa~e. G4epIw thft egel.4 4.1 qpant
at low pressures, and them dipi dom becausi the ?ihansm of the corrspodii fe
quemes sne being seattsedm& n* iI dir-pitWfrte. the *&Metor.!,9 lfd1 the

Istarestimgll, the signal box exactly the se height at larges splitting and at
sere Splitting (aee dashe lime) in all our experiments. At sero splitting, hence,

K 7,'
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there is also no scattering. This is in marked contrast to donors /5/. We conclude
that higher order processes are insignificant baere/1.1/, so that the scattering can
be simply described by first order resonant scattering according to the golden
rule/12/: -I

1(S,0) - N - 23 I g (K-DO) (1)

for kT<<E, where 1 is the, phonon man free path, N the acceptor concentration, a the
phonon energy, p the density, v the sound velocity, M2 the coupling constant, and
g(I-Da) the norualixed line shape function whose center frequency is given by stress
a times deformation potential D. For 1 greater than the crystal length, the signal
change is proportional to n(E) i-(E-Da) where n(E) is the emitted phooon power spec-
trum, provided the daitecior signal-is proportional to the incident powerlgI. There-
fore, the deviation of the signal from 1001 is essentially a direct meaure of the
spectrum, weighed by the factor E from (1).

Trace (a) shows the differential emission s pectrum of a Sn junction
(1mm x 1mm x.4)m; R.20 11) biased at the gap voltage 1.19 nV. There is a pronounced
peak in the spectrum corresponding to 2A-phonons/3,/. This peak is not symmetric but
has a tail to higher frequencies. The tai.l can be fitted by the "extended T* model"
of Chang. Lai and Scalapinoll3/ by using T*=t.1 K (dashed curve) while the bath was
at Ta-1.0 K. The rounding of ftnpeak at the low frequency side is merely due to the
spectrometer resolution. There is also a broad background of phonons with lower fre-
quencies' which will be discussed, below.

PWONO ENERGY E #mV 3

IL IL -a 2-'

Melcsedpom

(c)insudriniae

1d) t tj~im ddtos

10 - -- - - -
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In trace (b), the bias was increased to 1.4 zV. The differential spectrum now
clearly reveals an additional peak (arrow) corresponding to lfw-eV. These phonons
arise from direct recombination of the injected quasiparticles at E-eV-A vjth thermal
ones (E-IA)I14I. The peak is even predominant in trace (c) which was obtained from a
similar junction with a lower resistance RL-3.6m Ql. The increased injection leads in
this case to an increased steady state number of quasiparticles, making the recombin-
ation more probable/15/ than the down scattering to the gap edge ("relaxation"). The
background of low frequency phonons is enhanced in traces (b) and (c) and theref ore
reflects very clearly the cutoff of the detector sensitivity below the gap 2AD.

The traces (d), (e), and (f) were obtained from the first junc *tion (R.,-20m fl) at
1.6 mV, 1.8 mV, and 2 mV, respectively. The recombination phonon peak is obviously
shifted back to 2A. This shows that the relaxation of quasiparticles at higher ener-
gies is faster than the direct recombination. Only T*.1.5 K is now somewhat in-
creased. As the result of the fast relaxation, the "bremsstrahlung" peaks/2/ at eV-2A
have appeared. Their apparently increasing strength is due to the spectrometer weight
factor E in (1). The width of the peaks is mainly determined by the spectrometer
width which is increasing with stress due-to stress inhomogeneity/9/. From the pos-
ition of the bremostrahlung peaks we gest an accurate calibration of the stress scale
which is indicated on top of Fig.l. Traces (g) and (h) were taken at 2.4 MV and
2.9 mY. Clearly the bremstrahlung peak is now adding to the 2A-peak, revealing the
reabsorption of the bremsstrahlung phonons at ifw>2A. However, T* has increased to
1.6 K and 1.7 K, respectively.

Whenever there are quasiparticles in states well above the gap, the background
of low frequency phonons is markedly enhanced. This can be seen from traces (b), (c)
and particularly (h) in comparison with (g). This corresponds to black body radiation
of these "hot" quasiparticles/13/. However, there is also some background in trace
(a) where the quasiparticles are "cold". By changing thie evaporation conditions (less
clean/9/) we mere able to enhance this background of the "cold" junction appreciably,
as shown in trace Ci) for a junction with otherwise similar specifications as that of
trace (a). This background may be related to the loss mechanism postulated by Trumpp
and Eisenmenger/16/ from a discrepancy of the calculated and observed 2A-phonon yield
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THE LOCAL PHONON DENSITY OF STATES AND ITS INFLUENCE ON SUPERCONDUCTING

PROPERTIES

C.B. Arnold and M. Manon

Lhsiv. of Notre-Dea, Dept. of Physe, Notre-Dham, IN 4656, U.S.A.

AWA" We have calculated the local P&omon density of state, id local
electron phosna coupling parameters for a thin metal file backed a semi-
infinite metal substrate. using the Mstroll-Potts model. We find t only a
small enhancement Of the local .1 ectrom ghcmon coupling in the I van be
prodsoed by the coupling of the film lattice to the substrate. Qua -tively,
the local density of states in the thin film is like that of the iae a film,
except fox esm. smearina of sharp structure, and a Seneral dowawi Ot in
frequency of the pose features.

Ithis paper, we will consider the effet of a semi-infinite film (a) on the

lcal phoson density of states in a thin (21 layers) film MT. ad determine whether

g can thereby influence the electrom-phonont interaction (Ml) in T. Only the case

for which g and T are Sood metals will be considered.

The eleotro-phoson ocupling strength is measured by the Noillan parameter'

h - 2 a(OMW (1)

2
where a (an) is a 6onvolutiom of the electron band density of states and the s"uare

ofWX matrix elements, and F(a) is the phonon density of states. One ean similarly

define a local Strength parameter for the a th layer of a metal film

In this #*#or we shll focss'em the local Sheown density of states for the at layer
of metal lils T. 3r~ops) In order to determine the effect of changes is Ry(..) OnI
the local WI coupling, we shall approzinate 62 (.6) by a frequency independent

parameter
Defeso of the locality of the sereormed MI and Cewlcub, interaction, c0 eas also

define a local pair potential in the thin" film as the ratio L(mi..~L(m

where or(am) is the pairing selt feryand ZT(O.m) is tht rtoeralization feMetiom

is T. eewh depending so Co loea

fer simplieity. we have ~04te the Usete0ll-tte Real,& fft the sowsm". we
have ftnoc sawaed that both g and T lattices a"e 0W6p embie with equal lattice

Mg th O ftm "W e UIS~d w~b iSOMODe VWrV0VtWlr to0 thes

I____________
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[100] direction. The method of Maradudin and Wallia,4 as applied by Dobryzaski and

Mills' then allows the exact phonon Green's function in T to be calculated. The

effective spring constant of the interface plane is K, and the spring constants for

5 and T are K and KT . We define an effective coupling parameter y = K2 /(KSLg.).

The ratio of the mazimum phonon frequency in T to that in S is denoted by R.

The results for the transmission coefficient, ItI2 , for phonons normally incident

from T is shown in figure (1). One can show analytically that 1tI 2 is a maximim for

any t when y-1. Phonons of all frequencies in T can be transmitted to S only if

the maximma phonos frequency in T is less than that in S. i.e., R<.

Fi . 1. Transmission coefficient
0.57.- It2 vs. frequency for an inter-

face between two materials with
It 104 -Y 3,.-,,,' =3 various values of coupling, y.

The dashed curves are for R-3,
0.29- ,1the solid curves are for R-.30.

The frequency T- (2KT/MT) 1 / 2 , MT

I Y=j Y..i being the atom mass for T.
0.14- , --1

0.00 Y ,
0.0 0.2 0.4 0.6 0.6 1.0 .:2 1.4

In figure (2) we compare the total density of states in "1zk T material to that

is an isolated ( yO)T metal film. In general, .rF(e) is shifted down in frequency

for the bulk ( T=1, 101) case, but, even so, Vr(k/2ao)-.640 for the isolated film,

.643 for the bulk metal, a negligible difference.

Fig. 2. Total density of states
0.9-1 for bulk T material (dashed line)

compared with same for 21 layer
3 OP) film of T material (solid line).

*.0.55-

0.3?-

/€0

0.16--

0.00"
@0.00s 0.71 1.6T 1.43 I.fl *.14 *.Go

In fiupe () w oeopzo the 12L density of states in T for the ease ot weak

transmission ( T.. WS8) to that for optimal transmission ( y-1 1.). The ST

- . • t ' ." - - --
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interface lis between the layers --i sad a-0.

M 2A

1.26 m=I '

~0.S Ij

30.730

(dahe limes)

30or opia opig o a.T e fn oa X prmtr

m~~vT(X./2o!)-.649 ~ ~ (a0,."Il.."m2.Frwa Tculn m.2(-)

Fig. 3.ke thal eedictd fae for the 3isolaeTmtlfilmi*esp foero oar shfts in

frec oAt souel c is of peks n addeifin h local enrg paues
(deteminedby haamP) willu1) differ 2) neg ogbl wan is vaoueln Ao h vl

filmul.Us,*& .2under otima difer nis. getist at"s tethe attic rady

the ase rlt shoitt thaoent local pairpotendti prpto in a wil T~

mutah fle th pteices for thers) jgjg* hamals imerifepthi or oward, sftsri

a T metal film consisting of only fouw saeie layers. where we have fond that
A -. 48(-0) .648(s-l). .630(u-2). .622(wS).
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PHONON DISPERSION AND THERIOPHYSICAL PROPERTIES OF SODIUM

O.P. Gupta

Physics Department, T. Christian CoZege, Allahabad, India.

Abstract.- An equilibrium condition, which preserves the crystal
stability, is derived. This ccndition in conjunction with recent
dynamical model is employed to study the phonon dispersion and
thermophysical properties of Na. The theoretical results are in
good agreement with the experimental values.

1. Introruction.- Sodium is believed to represent in many respects the

prototype of a free electron metal. The experimental results on elastic

constants[l,2] and their pressure derivatives[l,3-g , specific heat[-1t

Debye-aller (DW) factor[Ei] , and thermal expansion C,4,12-1 can be

used to test the reasonableness of the interpretation in terms of the

free electron model of Na. In the present paper, we report the phonon

dispersion, and temperature dependence of Debye temperature 9 , DW

factor, and GrUneisen parameterY of Na on the basis of recent dynamical

model Bi in conjunction with an equilibrium condition. The condition,

which preserves the crystal stability, is derived by considering Fermi,

exchange, and correlation energy of conduction electrons.

2. Model.- For equilibrium, the first derivative of the potential ene-

rvyE( =E1 + e ) of the crystal must vanish, i.e.,

(d I/da)a - 0, where -P = dee/dA (1)

whexeA is cryftal volume, I? the electron pressure, 9 the potential

energy due to ion-ion interaction, and Ee the electran energy. The

Fermi, exchange, and correlation N pasts of Ee can be written as s

Ze  .2i Zt/3 (ro /ao)' 2 - 0.916 z 1 / 3 (r /ao)-+ 0.622 ln(ro /a. Zlf3

- 0.096] ,(2)

The equilibrium condition Eqn.(l) with the aid of Eq.( 2 ) takes the

fo rms
A 1 +A = ~ (r /) /313272a[ ,4.4 z2  0.916 X1/3 3)" "o (r , /o 0.) ++

where a0 is the Bohr radius, 4, the chemical valenes, r. the Antar

electron spacing, and WitJ 1,2)Y-are tan tial pair 3 otS91;1a1 force

constants. olution of Eqns. (12-15 1,3) determine the unknown force

_7__SOP'
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constants in terms of elastic constants Cij and one ZB frequency.
3. Numerical Computation.- Experimental values of Cij and other para-
meters at 90 K used in calculations are: C o11 = o.8, C1 2 ' 0.664, C4 4

=

0.586 (all In units of lolldyn cm 2 (], a = 4.24 W, denstyl.O04 gm

VT(10o)=3.58 THzTjj , and (m*/m) = 1.0 58 . The calculated values
of the force constants are: A 1 = 2.792, B1 = -1.923, A2 7 O.021,B2 = -5.301,
and aKe = 11.588 (all in units of 10 dyn cr'). The phonon dispersion,
lattice specific heat, and DW factor are calculated as usual [15J. To
calculatey , we follow our paper[19 . In the present scheme the four
parameters (A1 , A2 , B1 , B2 ) are reduced to three (A,, 81, 32) by taking
a suitable ratio of A1 /A 2 which gives a better fit of phonon dispers-
ion. In the present calculations, we use dC /dP values borrowed
from recent pipers .l, 3-1, and temperature dependent values of ¢l r ]
and lattice parameter20 .
4. Results and Discussion.- We display cur theoretical results for
phonon dispersion alongwith the experimental valuesl73 in Fig. 1. The
agreement between theory and experiment is very good.Lattice specific

r" "f P -A ,.... _
(~~p] I7S~ 0 0

t0 a a 0

[ il . O' - ' P.• -

i 4 Its.
ias a function of temperature. [1

0!

• , " t heat extracted from experixrents
___Phron dispersion curves of .. 10j and on r theoreticalL ~ut
Naalng the symmnetry directions. are coaverted in e These are

plotted in Fig. 2. The theo

~e*hibits good agreement with the experi-
. 200 00merits down to 10 K. The various mesure-

T Tw-* menits are not veryj concordant with one
"- another. Crystallog~raphic tratsformS-

-2 ~. 117Ktion j 1,2 J from boc to hcp lattice
'" \" "phase around 35 K cinies uncertainty Ln

-' the experllsental, seasuremetu and

:. calculated DVI factors alonguith the
~IEPmma experimental points Of Da'wton ( 1 are

shown. The agreemant between thery~ and
Vio : DV factor of Naexperlnent is good. Wig. 4 oxdibita the

TM-

7 ,

0 _ ia._.2s Dey temeraur ,of, Na ++
.... + as a fcin of- . ...prerature.
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values derived from the experimental
POHS CVA~meuirements of thermal expans ion

000,2-1 and specific heatt~i

---- -- dte. It Vs shown fom the Fig. 4
oY0 0  

_that the general shape of the theo-
*IAIqIOWret ical and experimental y -T/ 9)

curves is similar in spite of the
fact that the measu red values are

Fig.4:- GrUneisen paramete r of Na not very concordant with one another.
as a function of temperature.

It is disconcerting to find that how
much the theoretical results deviate from the experimental points due
to large scatter in experimental values. Our results corroborate the

Barron's j23] prediction that Y remains constant to a few percent down
to about () /3.

The present study demonstrates that the simple model provides a

good overall understanding of phonon dispersion and thermophysical

properties of Na. References
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ON THE THERMAL AND ELECTRICAL CONDUCTIVITY OF V3 S: AND Vs' 3

A.F. Ioder, K. Couach, N. Locatelli, N. Abcu-Ghantous and J.P.Senateur

Service des Baeeea Tempdiature, Laboratoim' do Cvjyop1,yique. Centtre d 'Etiea
NuaoUaive do Gr noble, 85 X-38041 Gr'nobl Cedea, Franoe.

*Faouttd des Siencee, Univee.st Libana j e, At-adet, Liban

**M 165, ENSIEG, BF-46, 58042 St M tin d'Hr*ee, Fran*.

Abstract. - Thermal condactivity and electrical resistivity measurements have
been performed on V3Si and VsStq single crystals. Thermal conductivity anoma-
lies are observed on both compounds and seem likely to be related to the re-
sistivity "saturation* behaviour exhibited by these two compounds.

Introduction. - It is known that the electrical resistivity of a "d" band compound

(transition elements and their alloys)deviates from linearity at hi~gh temperature
exhibiting a negative curvature.

Several interpretations as anharmonicty, Fermi Smearing, T dependent band

structure, phonon ineffectiveness etc. (1) were proposed to explain such a behaviour.
In this paper we report and discuss results of the electrical and the,,thermal

conductivity measurements performed on two extremely different compounds belonging
to the Vanadium-Silicon system : V3Si, an A15 compount with a high superconductivity
temperature (Tc = 17 K) and V5S13 which is normal down to 0.2 K.

Finally a correlation between these two transport properties is outlined for i
these compound.

Experimental results. - Figure 1 shows the resistivity of V3Si and VsSi 3 as a fuc-

tion of temperature, both of these curves displaying the classical saturation p-hen-
menm. The temperatures whom a change of curvature can be observed, are respective-
ly 82 K foP VSSI and 130 K for VsS1 3 .

Recently it has been show that the thermal conductivity 6f VsSi (2) is main-
ly due to the electrons (Ftg.Z) whereas that of V5St 3 is partly due to the pftalew.
In this later case this dependence appears clearly by plotting K.p/T as a function
of T (Fig.3) and shoms that the contrlhetloh of the phonoM which reachel a maximum
at 20 K, is Important around this tapaftvre. In fact It apers difficult In the
case of VSsIS to separate qsentatively the two caftributions of electrons and pho-
noes sad oft hos to cosfdor ufal tfvt aent In this particular case. The ther-
mel conductivity goes through a minimum for V3Si (Fig.2) like lr VsSi' (Fig.4). In
the case of VSJ the tmperatwe of this mielimem Tm Is tht some as the ts ictuf
of the. iv1exish Point " the- P(T) curve. for Vsi the conductiyjty due to p6spas
decreases at high tompersture because of the occurence of anharmonic and inklapp pro-
cess and then the increase of K(T) after Tm is essentially due to the electrons. More
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precisely for this compound the temperature Tm of the minimum of K(T) (150 K) dif-

fers slightly from the temperature of the inflexion point on the resistivity curve

(130 K). This would be a consequence of the important contribution of the phonons

in the thermal conductivity for the temperature range investigated.

Discussion. - The semi classical treatment of Wilson (3) involves a minimum to oc-

cur in the thermal conductivity but it is likely that such a treatment is not rea-

listic for complex compounds as VsSi and VS S3 . Furthermore the behaviour of the re-

sistivity cannot be explained satisfactory in the framework of a semi classical the-

ory of transport phenomena. The empirical relation of Wiesmann et al (4)

1 1 + 1 (parallel resistor) takes into account the occurence ofP Pideal Pmx

the saturation phenomena where 1 appears as an excess of electrical conducti-

vity arising at high temperature. Similarly the increase of the thermal conductivi-

ty after the minimum can be understood as an excess of thermal conductivity.

Correlating the simultaneous increase of both conductivities, we suggest that

such a behaviour could be explained by a growing "collectivization" of "d" electrons

(5) as the temperature increases beyond Tm. This phenomenon could be interpreted as

a continuous delocaltzaton of the "d" electrons in the conduction band leading

to an increase of the number of carriers contributing to the observed excess of bolh

conductivities. For the compound V3Si, experimental evidence of charge transfer and

its redistribution with temperature hs been obtained (6). Such a general process

can take into account the exiStenc% of an inflexion point in the resistivity curve

of transition metals and their alloys (A15,. Nb, V. La, Zr2Rh, V5Si 3 , etc...) and

the above correlation appears to have a general validity extending to other systems

than those presently studied (7).

Moreover in the low temperature range, V3Si and V5S13 exhibit a quite diffe-

rent behaviour - the reIstivity of V3Si behaves as p = a + bT with n = 2 con-

trarily to that of VsSi 3 p a c + dN with 4 < m < 5
- in the case of VsSi the electrons are responsible of the ther-

mal conductitity (2) whereas for VsSi $ an important part of this property is due

to the phonon. These differences emphasize the importance of a particular-electron

phons interaction related to the occurence of superconductivity In VaSi.

Comlsion. - It has been shown that at high temperature a correlation arises bet-

wen the thermal and the electrical conuctivity for the two compounds VsSi and
Vs Si s . It seem likely that such a correlation could beextended to other alloys

based on transition elements. These studies are in pro"ss and more details will

be published elesewhere.

A!EPON11*0M tf : We wish to thank Or I.SALCE for additienta information on the
thTerml condctiyity results, P. IMNIE3. rs COUfRIO and J.., FAVRE for their
o wtal assistwe.] ______ _____ _______________-_
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Fiq4 - The resistivity of the V3Si (N31b2,
1T110, RRR - 20,4) and V5Sig (151A, RRR 11,6) a f --- =
single crystls.

.2 - The thermal conductivity
of e V3Si sample (14S, b2) with
the phonon (Kphs) and the electron
Kes contributions.

si K s -.

3D.

Ft ph~ b e th ID La b

(1 T;.hL. pmeer - btesape jA Tehealcondctivity in t-&df odMtl .9,e.b .She n

N.S. MAPLE. Academic Press 1980.,

(2) A.F. DNOSER. N. COI*H,, M. ATELLI..N. AM Q"TWU." J.P. SEIATEUR Solid Sta-
te Coi. 38, 1297, 1381.

(3) A.H. fAOl, Th.1l :'T rof Metals, 2d Ed. 'Cambridge 286 (106).

(4) N, vrrW , A. M IfXTCH, H. -LUTZ, A: GOSk, B. StkAft. N. S.NGIN. P. . ALLEN
LWV. HALIM-ts. ftv, Lott. 36, 14 782, 1977.

(S)EY44; KIU-IoSd . SANMLGS, Sov. ftys. JETP, "1l. 41, P.- 61., 1976.
(6) ". STAUI er -sld ftetT Cor n. Ion4l, 107.

(7) *AF. shOIOW, tIthregxnl Corftwo on i sa us rth n metals, CtrtU-
On. OTTAWA. Awgust 1981.

T -wihgvsteLrnt ue i-to cacltdfo kf' oTp.The

+____-___e_ A n.Frnz L



JOURNAL DE PHYSIQUE

CoZ.Zoque C6, aqft~irent au n0 12, Tome 42, ddcembre 1981 page C6-386

A NEUTRON INELASTIC SCATTERING STUDY OF PHONONS IN METASTABLE

BETA-GALL IUM

J.R.D. Copley+ L. Bosio". 1. CortAls", J. Lefebvre * and M.D. Teuchert *X ++

Institzt Laue-Lanqevin, 156X Centre de Tri, 38042 Grenoble Cedeac, France

~Gmoue do Recherohe no. 4 du C.1V.R.S., Physaique dee Liquideseat Electrochimie,
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x~cbeec Phyeik E21 der Teohmisehen Univeraitift ldbiohen, 8046 Garohing,
P.R.G.
Abstract .- The phonon dispersion curves of C-centred monoclinic
5&eta-gallium at the melting temperature have been measured along
five symetry directions.* The behaviour of the lover longitudin-
ally polarised branch in the Ex (Sx) direction suggests a desire
to double the size of the unit cell. Initial model fitting
calculations indicate that the interactions in 8-Ga are of
reasonably long range.

1. Experimental Measurements and Results. - The phonon dispersion

curves of the stable orthorhombic ot form of Ga were measured som
years ago by Reichardt et al [ll and by Vaeber [2). In the present

paper we discuss measurements and preliminary calculations of phonons
in the metastable monoclinic 0 modification of this metal. The =aip-
rimental details of this work are fully described elsewhere 131. The

main interest in 0-Ga stems from its close structural and thermodyn-

anic similarity to'amorphous Ga and liqud On.I
Three-axis spectrameter measurements were made using the 132 and

138 instruments at the ILL, Grenoble. Crystals were grown sand
oriented in, situ, ueel" a sied~ally costructed quaiemeher aind
cryostat. Presentiops uere also necessary to -$Wisee a" -

vibsat.on, A osis: to *s" aspidAmtal transferation to the stable
a phase. Measurements were ae at the melting temperature, 256.8KI,
in the symmetry directions 3!x (I x), At 1 a, 8 sand a. Unsual sea fs
of the Measured Ownvs tets" the similar slopse me the three leagIt-
udinal acoustic branches, ad the mear site symeR7 above (9.9,0,0)
of the lower lcgiqtuaimal1y plaaibei brme Lfa Ifts (*J ) 4eir@tiO
(fig. 1). This latter feature sapoefe a des$.re to double tbqese
Of the Unit 0ell by 9044000140 09 the C0estred lattOP "Polps.
2. Caifuti9 a. Ths wriitb'e wet ell satalms 2 sams.* Its
symtry Implies the fialewi" ag to c meihipe beamea elsem the
dynamical estrin Do D6 *6(Su100 ,93)o e - I* 5 gl2)w96h"gii The

sea) s*e sp m As ad 1ih me. real, In Wie-abses"e
of mim-heir vieo".

In oner to simplify the arnie) fittng calculations we treated
Present &am*" it +9parmmt of Physics, Me Master University,

SmilUem, Otario, Cams, 1*8 411
++Owl Seinat Vvetfes 1369/1360, D-7082, Oberkochan,
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6'Fig. Is The three
r42 r-B -Y longs)- Iit~udinal bran-

toot) 364 ( cool ches, with initial
3350 slopes in as-1 The
3350 likely behaviour of

4 3460.1the low frequency
14001 branches for
900.7, were they to

34belong to different

2 entations, is sugg-
sated by the broken
lines.

0
0 .2 .4 0 .1 0 .2 .4 .6 *

Reduced Wavevactor Coiardiraate F

the unit cell an orthorhombic: this is a reasonable approach since
is actually 920, and no new degeneracies are introduced by making it

900. On the other hand, the number of irreducible representations for
a given % is in general increased. Within this approximation, B-Ga
has the same structure as e-U [41, and the sukmatrices Q(qkk) are

diagonal (in the absence of many-body forces) for the symmetry direc-
tions studied.

Initial attempts to fit the parameters of simple two-body potent-
ials to the experimental results were not surprisingly unsuccessful.

Furthermore, dispersion curves computed using real space pair I
potentials derived from a variety of psudopotentials calculated for
gallium (5,6,71 show little resemblance to experiment.

In the axiilly-symmetric force model there is a radial force con-
stant Mri and a tangential force constant *t M for each shell of
neighbours i. Experimental data for the five symetry directions
studied, no matte arhow precise o r detailed they may be, are Insuffi-
ciently Oorthogonala to determine all the force constants. For
L413, eight of thb force constants linking atom on the same sublatt-
ice my be modified as follo: #~~)#~~)C~~ 3- ~()C
$C (l0)-.# p (10)-C, *r~ (ll)'* ~ (11)+C/;, and six of the force
constants linking atoms on different sublattices may be modified as

follows r,t (2 -*rt (2 +C'r,t (4 -r,t (4)+C ' r,t (7- ~ (7)-CO/2
(where C and C' are independent and arbitrary), without in any way mod-
ifying V. It is therefore necessary to impose two arbitrary constr-

aints, e.g. Or (1I) a 0, 4 r (7 - 0.

Aially-symtrio force constant fits were made allowing inter-
actions out to the 13th shell of neighbours, over a range of nearly
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0
6A. With 92 independent data points the "best fit' was relatively

poor, having a "goodness of fit x 2of ^- 12. This is not unexpected

in view of the low symetry of the system: the 13th shell in

'orthorhombic' O-Ga (equivalent to the 19th shell in true monoclinic

8-Ga) is only 2.15 times more distant than the nearest neighbour

shell. Also the straightness of the longitudinal acoustic A and x

branches (fig. 1) implies the existence of reasonably long range

forces.

3. Discussion.- The low symmetry and long range of interaction in

8-Ga suggest that a reciprocal space analysis of the forces could be

fruitful. Alternatively a "modified shell model' analysis, along

the lines of Cruumett et al's (4) calculations for a-U, may be

worth pursuing. If at all possible we would like to find a unified

description of the forces in a-Ga and 8-Ga, in order to shed further

light on the nature of the interactions between atoms in the liquid

and amorphous states of this unusual but elusive metal.

We are grateful to Mr. Mike Pizzuto for his invaluable help with

the model calculations. This work was supported in part by the

Natural Sciences and angineering Research Council Canada.
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NUCLEAR ACOUSTIC RESONANCE INVESTIGATIONS OF THE LONGITUDINAL AND

TRANSVERSE ELECTRON-LATTICE INTERACTION IN TRANSITION METALS AND ALLOYS

V. Wdller, G. Schanz, E.-J. Unterhorst and D. Haurer

frei Uniterait t BerZin, Pachbereich tjiki Jnigin-Luie-Btr.28-30, D-1000
Berlin 33, Germnmj l

Abstract.- In metals the conduction electrons contribute significantly to the
acoustic-wave-Induced electric-field-gradient-tensor (DEFG) at the nuclear
positions. Since nuclear electric quadrupole coupling to the DEFG is sensi-
tive to acoustic shear modes only, nuclear acoustic resonance (NAR) is a par-
ticularly useful tool in studying the coupling of electrons to shear modes
without being affected by volume dilatations. By extending previous MAR
measurements in Nb, No and Ta to superconducting alloys Nbl.xMox it will be
shown that the combination of NAR experiments with high-pressure Ndssbauer
isomer-shift measurements is of interest in a deeper understanding of the
coupling of shear modes and volume dilatations to s- and d-electrons in tran-
sition metals.

In cubic metals the electric field gradient (EFG) vanishes at a nuclear site. In the

presence of an acoustic wave, however, the cubic point symmetry is destroyed period-

i cally thereby giving rise to a sound-induced dynamic electric field gradient (DEFG)

tensor whose components can be measured in nuclear acoustic resonance (lAR). Besides

fundamntl questions concerning the complex physics behind the EFG /1/, measure- A
ments of the DEFG are of particular interest in studying the long-wavelength elec-

S tron-phown interaction in transition metals since, in the response of the d-elec-

trons to acoustic shear odes, multipole fields are set up due to d-electron charge

redistribution, so that the d-electrons are expected to roiitribute significantly to

the electronic part of the DEFG.

At a nuclear site and within the range of linear response the DEFG tensor {(Vij

is related to the acoustic strain tensor {eij} by /2/ Vtj - v =vj# "16 Sijklekl where

# is the strain induced electrical potential and {Sijkl} is the fourth rank ufield

gradient-strain tensorn. Choosing a coordinate system having its axes along the

principal axes of the unstrained cubic crystal, the components of the traceless de-

fined DEFG-tensor V - {Vij- 6itTrI/3) can be written as
A A

Sii ,(S l -)2 t I vijoS44 ej j j

atrw S, S12 and S44 are the three distinct components of the S-tensor (in Yoigt

note"m) amn md j - (a - aijTrl/3) are the comonents of the (in first order) vol-

vmi-conserving "shear tensor. Regarding that the nuclear electric quadrupole in-

teraction is invariant against TOT, It follows immediately that NM investigations

of the etectr€c con'trt1tiee to the DEG are seisitive to the coupling of elec-
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trons to shear modes only. Consequently, quadrupole NAR enables one to study the

coupling of shear modes to electrons without being affected by changes in the elec-

tron charge density caused by eventual volume deformations of the lattice unit cells.

Confining ourselves to transition metals and applying the usual ansatz

I (1 -Iy.) latt -Ice ' (2)

where latt is the lattice contribution, y. the Sternheimer antishielding factor and

Ice the conduction electron contribution within an atomic sphere centered around the

nucleus under consideration, it follows from Eqs. (1) and (2):

i) (S11 7- S 2)ce refers to the conduction electron response to linear dilatations
of the lattice vnit cells (i.e. angular distortions of the d-bonds)

ii) (S4*)ce refers to the conduction electron response to angular dilatations of

the cubic unit cells which predominantly are associated with radial distortions

of the d-bonds.

Extending the theoretical results of Watson et al. /3/ to the DEFG in transition

metals and neglecting s-d transitions, within the frame of a band-orbital model /7/,

we find /4/ (also see Ref. (5))

i) r12 " (Sl -Sj2)ee/(1-y.)(Sii- St2)latt] should be negligible small.

i) r44 = (S44)ce/K-V)(S44)latt - -N(Ef) r-o , where o s the electron-phonon

coupling parameter as defined in Ref. (10).

The experimental results for No, TaNb and b88N 12 are shown in Figs. (ia) and(Ib) ML
We note that the data of Fig. (1a) are corrected for the actual values of the elec-

tric quadrupole moments and partly differ from those reported previously 16/.

0N 0 2

Ia 0

0 z

o -- % -S '

Ni#I I Oda - I o W , 1
I.) I/dm V ' INE I sv 2v

Fi#l. Ie.t.....o

a) cow apli of electraw to Aw b)r 4 feetast
i to pedicted it.) ' " mli ttit s

4 '
- 4' r -Moe



C6-39 I

The most striking feature of these results is that within experimental error r44
proves to be proportional to N(Ef) - Nd(Ef) whereas r12 seems to be insensitive

against N(Ef). From Fig. (la) we therefore may conclude that In transition metals

with high densities of states (i.e. r 12 1< 1r4 4 ) the long-wavelength electron-pho-

non interaction with shear modes is dominated by "compressions" and "expansions" of

d-electron bonds (transverse electron-lattice coupling). Concerning the electron

coupling to the longitudinal part of shear modes (i.e. angular distortions of the d-

bonds) no conclusions can be drawn yet. The coupling of electrons to volume dilata-
tions is reflected by (S11 +2S12) which, however, cannot be measured in NAR but may

be derived /4/ from high-pressure Wdssbauer isomer-shifts measurements /8/, /9/.

Regarding that only s-type electrons will contribute to the Missbauer isomer-shift,
and taking into account that Ns(Ef) is nearly constant throughout the transition
metal series, experimental evidence is quite in favour (see Fig. (ib)) of a relation

of the form (S11 +2S1 2) -Ns(Ef).

Summarizing our experimental results, we have shown that measurements of the "field

gradient-strain" tensor are an important tool in studying the relative significance
of s- and d-electron coupling to acoustic shear modes and volume deformations in

transition metals.
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RAMAN SCATTERING IN V3 Si, V3 Ge, Nb 3 Sb, AND Cr 3Si : CORRELATION OF Eg

CPTICAL PHONON LINEWIDTH WITH MAGNETIC SUSCEPTIBILITY

R. Merlin+ , S.B. Dierker, M.V. Klein, J. Jjrgensene , S.R. Rasmussen*,

Z. Fisk** and G.W. Webb**

Department of Phyeice and Materials Reoearch Laboratory, 104 S. Goodwin,
University of Illinois at Urbana-Champaign, Urbana, Illinois 61801, U.S.A.

*Departmnt of Inorganic Chmistry, Aarhus University, DK-8000 Aarhus C,
Denmark.

**Institute for Pure and Applied Life Sciences, University of California at San
Diego, La Jolla, California 92093j, U.S.A.

Abstract.- Raman scattering measurements of the E optical phonon in V Si and
Nb Sn show It to have an anomalous width, temperafure dependence, and layme-
tric lineshape. We have observed a similar, although weaker, anomaly in
V Ge The 9 and T phonons in Nb Sb and the T phonon in Cr Si show no
a"lous beflavior lid can be underltood in terml1of simple anirm c inter-
actions. In Cr 3S the E phouon has an anomalous width, shape, and tempera-
tura depaeence (similargto V Go) in spite of its low electronic density of
states and temperature indepedent magnetic susceptibility. A linear corre-
lation is shown to exist between magnetic susceptibility and E mode line-
width, F, in V Si, Nb Sn, and V Ge. With the aid of a simple 1odel, most of
the features oi the iLan data 2an be understood in terms of direct coupling
of the E phonon to interband electronic transitions between the very flat
bands eminting from the r level in these compounds. These results indi-
cate that direct coupling If the E optical phonon to the r. bands plays a
major role in the splitting of thecubic r 1 2 subband N(E) pi by the dimeri-
sation of the transition metal sublattice.

1. Experiment.- A single crystal of V3Ge (Tc -6 .39) was grown from buttons of stoi-

chiometric arc-melted starting material by the Csochralski technique. - / The single

crystal of Cr 3 81 (TcO.015K) ws grown by sane refining pressed stoichiometric pow-

der mixtures of Chromium and Silicon. -- [100) surfaces were spark cut from these

samples and then mechanically polished with alumina. For the investigation on

Vb 3 Sb, a large single crystal we grown by closed tube vapor transport with iodine

as a transporting agent. The Ran measurements were performed on a high quality,
moth, as-grown (1101 face of the crystal. Laser light of 514-rn wavelength wes

incident at a pseudo-Brewster aSl* of 70, collected in a direction normal to the

surface, and analysed with a hom-bult double monochroumtor employing standard pho-
ton countig electronics. Cooling wes peovided by either flowing cold Re gas in a

modified "fli-Tran" system or a liquid He Janis cryestat. True smle t-e ratures

wwe detesmiand fam Anti-tStoes/Stokes ratios of the K phomn.

2. Moults and Dis-ussion.- The I symmetry Ramn spectra of V3 Ge taken at 340 and
g -150 are shown in Fig. 1. The phonon frequency hardens from 276. to 287. cm and

the linesidth Increases from 37.3 to 69.6 ca 1 (FWUE) upon cooling. The solid lines

we fits to a spectral function resulting from a coupled-mode theory, wherein the

asymetric linesh"e is due to a Dreit-Wigner-Pano interference betwm the discrete

ph..a. an electronic contimm.l
/

* Present address : Department of Physics, University of Michigan, Ann Arbor,
Michigan 48109, U.S.A.
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We propose that the dominant dasmping

.eehanism for the E mode in this A-1S and

-! V *O in Va3 and Nb 3 Sn- consists of inter-

band processes wherein the E mod decay.

- iinto electron-hole pairs in the r12 band:.

These bonds are within an energy compara-
ble to the E phonon energy of the Foermlz $

o .level throughout large regions of the

0*BIrlcun Zone.- Due to symetry based340S'"

0° "" selection rules, the T2g phonon in Nb3 Sn
o cannot interact with theae bands and it

o Shas indeed been observed to be relatively
weekly d W.--/

In NbsSb/ and Cr Si/ the E phon

0 100 200 300 400 cannot interact with electrons in the r12
RAMAN SHIFT (CM"') bands since they are -0.35 eV below the

Fig. I E symetry Roman epectra in Fermi level and hence completely filled.
V Ge at 34K and 50K. The solid lines Accordingly. the n

ae fits to the data (ee text). phonon in Nb 38band
the T2S phonown in both Nb3 Sb and Cr3 Si

are weekly damped and harden and narrow upon cooling. This is typical behavior for

phonons whoa. self-energy is dominated by anharsonic phonon-phonon interactions.

The E phonon in Cr 3Si is not so well understood. It appears to harden from 310. to

320. Wl and broaden from 40. to 60. ca upon cooling from 300K to 70K. However,

additional structure in the region of the phonon, possibly due to electronic Roman

scattering, complicates the analysis.

The electronic nature of the E phonon dming in V3 Si, Nb$Sn, and V3 Ge is fur-

ther demonstrated by plotting their magnetic susceptibility, X, versus their corre-

sponding E mode lins dth at the am temperature, for several tempertures. This
g

is shown in Fig. 2 for the temperature rane 400K to 20K, where a strong correlation

is seen to exist, with the V-based compounde following one relationship and NboSn a

seperate one. Such a division of V-based and b-based A-15 coupounds into two fami-

lies, with. 3 _.b^ D' uhare 7 - N(I] ) < 2>, < 2> being the en surface averaged

electron-phnomadiz elment squared, ha8 already been pointed out by Klein, et.|

l.! -  The ratio of the Initial elopes of the two curves (indicated by the solid

lines through the data in Fig. 2) is in good agreemet with the ratio of

< >, /<Iv as calculated by Klein, t. t.!/ The terature dependence of
the uantic nuttibility is coonly ascribed to thermal repopulation of elec-

tronic energy levels noe a sharp peak in the electronic density of states. The

strong orrelation between the magnetic susceptibility and the K phou liaswidth,

shown in Fig. 1, moggests that electo-phm interactions (as opposed to asber-

monic phonon-phowna interactions), subject to the aome thermal repepulation effects

as the mgtic musemptibility, ae responsible for the temperature dependence of

II

*A.' . .
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the E phonon linewidth and frequency in
0 5

them compounds. Indeed, a simple model
V301 of the interaction and the r bands is

12
.o V60 able to account quantitatively for the

E Xb~ftlinswidth temperature dependence. Our
model will be discussed more fully in a

0 ~future publication. These results are In

*accord with the recent conclusions of
Msttheiss and Web.. 1 1 that dimerization

of the transition metal sublattice is the

primary driving mechanism for the marten-

aitic transition.
We thank D. A. Papaconstentepeulos

for Previding us with the emory band die-

20 40 i0 60r Q0 grow for Cr 3 Si. This work me supported

r (cM-1) by the Nlational Science Foundation under

Corrlatin of va. for V Si, the ML Grant UM-W020250.
Nb S, ad VGe.3m etefor fibA
teis fi ui. 4. dteforV381, 3Y ga

and Nb ft taken from refs. 9, 9, and10,
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COHERENT NEUTRON SCATTERING FROM POLYCRYSTALS

U. Buchenau, H.R. Schober and R. Wagner

Iattut fb Pestkt rperforechg de XrnfoachzgeanZage Jiltich, Postfah
1913, D-517o Jich, F.R.G.

Abstract.- Phonon dispersion curves are mostly determined by co-
herent neutron scattering from single crystals. For a number of
materials, however, large enough single crystals are not obtaina-
ble. We used the detailed structure of the coherent scattering
from polycrystals to obtain as much information on the-honons
as possible. Time-of-flight spectra of Al and Ca over a large
area in Q and w have been analyzed in terms of lattice dynamical
models. It turns out that, at least for these simple materials,
a rough picture of the phonon dispersion may be obtained.

It is well known that phonons can be measured by coherent inelastic neu-

tron scattering from single crystals. Much less is known about the in-
formation contained in the coherent inelastic scattering from polycry-
stals. Two special cases have been considered earlier: the region of
high momentum transfer where the phonon spectrum may be obtained 1 and

the regions of low energy transfer near Debye-Scherrer rings where ela-
stic constants can be determined 2. In this work we show that by mea-
suring in an extended range of energy and momentum transfer one may
even get a rough picture of the full phonon-dispersion - at least in
the simple cases considered, nd*ely polycrystalline Al and Ca at room
temperature.

ALUN IUV 293 9

Detester Dr. Tim of Ilnibt Detester r. Tim of Fligt4

Fig. I Time-of-flight spectrum of polycrystalline Al at 293 K

- I - bt
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Fig. 1 shows measured and calculated time-of-flight spectra for Al.

The intensity rise at short flight times corresponds to the onset of

one-phonon annihilation processes at the maximum lattice frequency of

about lo THz. The upper boundary of the time range corresponds to

3 THz. The momentum transfer increases with increasing detector number

and decreases with increasing time of flight. In the region shown above

it ranges from 2 to 6 X-1 The experiment was done on the time-of-

flight spectrometer SV5 at the cold source of the reactor DIDO in JU-

lich (wavevector of incoming neutrons 1.314 -1, range of scattering

angles 20 to 16o degrees).

The theoretical spectrum was obtained using a set of Born-v. Kar-

man parameters from the literature 3. The one-phonon scattering con-

tributions on a fine mesh through the relevant Brillouin zones were

summed up (using the symmetry as far as possible) and folded with the

instrumental resolution. The result agrees reasonably well with the

experiment, though there are some distinct differences. A better agree-

ment can be achieved by fitting the Born-v.Karman parameters to the

experiment. We did this assuming axially symmetric springs extending

up to the sixth nearest neighbour and using the known elastic oon-
stants . Multiphonon and multiple scattering were calculated using

simple approximations. The result is summarized in Table 1. Fig. 2

shows that this fitted parameter set reproduces the experimental dis-

persion 5 along the symmetry directions astonishingly well.

At
10O 10011 [I1101 (f;ill

293K

8

0 -.- 7, -,-- 0 --- 0,$

ii.ipoo diwpmti La A at 293 .,X ,aeias fr poijeytal-
flini--ta (j oa €qparA to Single crys~al re~mi (*•) .
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10011 1110) 1111)
5- Ca

9-293 K OW C. AMJK

0 0q 1 2 3'w. 4if 5

Fig. 3: Phonon dispersion and phonon spectrum in Ca at 293 K.

Table 1 and Fig. 3 show fit results for Ca at room temperature. No

single crystals of this material are available because of its martensi-
tic phase transformation at 72o K. The elastic constants determined
at low energy transfer with the method c 1 25±3 GPa, c12 '15+1 GP& and

d4 4 '2o±1 GPa were included in the fit. The resulting bulk modulus
B-18.3 GPa is in reasonable agreement with the static value 6 of 17.2

* fPa. The phonon dispersion shown in Fig. 3 corresponds rather closely

to pseudopotential calculations if these are scaled down by 160.

Neighbour and Al Ca References
indices1 N.M. Bredov at al., Soy.

lxx loo56.±loo. 38o6.±5o. W;Sltae924(67
Izz -982.- -133.- 2Py.olSae924(67

IXY 1o38. 939.U. Buchenau, SoTid State
2XY 11364.+lo 41 Camimun. 32, 1329 (1979)
2XX 906.±l- -2513 G.Gilat and R.M. Nicklow,

3XX -629.+5o 25o.±2o. 4 Phys.Rev. 143, 487 (1966)
3YY -19.- 94.- G.N.Kaum aMFG.A. Alert,
3YZ -2o3. 52. 5 J:Appl.Phys. 35, 327 (1964)
3X3 -4o7. 1o4. R. Stedman anT-G. Nilson,

41X 17. 6Phys.Rev. 145, 492 (1966)
433 -47. 6C.Kitte1, Th~r, to Solid

d~r 577State Physics, 2.ed., p.99,
X 149. Wiley, New York 1963

STY -53. 7 .A. M4oriarty, Phys.Rev.
553 -78. PAO 4445 (1972)
511 76.
611 57.'
615 -145.

Table 1s Fitted born-v.Karman parameters
1Iy-7/cT for Al and Ca from polycrystalline
spectra at 293 K.
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HIGH TEMPERATURE PHONONS IN IRON

A.M. Vallira

Fac. de Ci&nias, Lisboa, and LaETI, Sacavem, Portugal.

Abstract. - The phonon frequencies of Fe + 5 at Z Si were extensively
measured at room temperature, 933K, 1147K, and 1423K using neutron
inelastic scattering. The most interesting features are the frequency
shifts of obvious magnetic origin, with large gradients at the Curie
temperature. Their interpretation in terms of magnetic contributions
is discussed, and preliminary magnetic force constants are given.

We have been studying the variation with temperature of the phonon frequencies of

bcc iron by neutron inelastic scattering. The data presented here refers only to

Fe + 5 at Z Si single crystals, although Fe samples have been also used for compa-

rison at temperatures below the a y transition point.

Most of the data were obtained with the twin-chopper spectrometer at reactor

PLUTO, Rarwell. A few modes were later studied in detail with the three-axis spe -

ctrometer 113, at the ILL, Grenoble (1). All the chopper data were obtained at four

temperatures only (296K, 933K, 1147K, and 1423K) in the 110 plane. The phonon fre-

quencies at each temperature are well described by 5-neighbour Born-von-Karman mo -

de* (2), and are consistent with the ultrasonic elastic constants (3). As an exam-

ple, in Fig. 1 we show the phonon frequencies along the syumetry directions measured

at 933K in Fe(Si).

In Fig. 2 we present the frequency shifts relative to room temperature. One

should remark the large relative shifts occuring in low lying modes. That these

I , , ,i I • • • • " '

I I

Fig. 1. ibomo. frequencies of Fe(Si) at 933K :experiaemt (o- chopper misas.;
e - 3-as mas.) and fitted 5-wneighiot model.
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Fig. 2 Relative frequency shifts of
Fe(Si) phonons.
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Fig.3. Variation with temperature of. Z
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dits are of magnetic origin is clearly suggested by Fig. 3. But these magnetic

effects are not restricted to such modes; all of them show measurable kinks at the

Curie temperature, although smailer.

Fig. 3 also suineste the possibility of separating a magnetic contribution to

the phonon frequencies as the difference between the low temperature squared phonon

frequency a" measured ad an extrapolation of the high temperature behaviour. Such

contributions might be related to the spac.e derivatives of the exchange parameters

of a fleisenberg-like moe, er compared with calculations within itinerant electron

models of magnetism; here, hoever, we limit ourselves to presenting an attempt at

qusmtifyiag these uqtia contributions by application a simple separation proce-

dure to the chopper data. The fact that we only took measurements at four temera-

tures, sad that the magetic effect is often small, particularly in higher frequency

branches.* explain in part the large error bars in Fig. 4.* Born-von Karan models

were fitted to these points; despite the large errors, a fit could only be achieved

theu third meighbour magetic force constants were introduced. The lines drawn on

the figure correspead to oae such 3-me ighbour model, restricted to magnetic contri-
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1 I I

I P r' n I P U r',

Fig. 4. The separated magnetic contribution to the phonon frequencies of Fe(Si):
experiment and fitted 3-neighbour model. 4,- higher frequency branch; # ,- lo-
wer frequency branch. The negative point at 3/5(1 1 0) was left out of the model
fit. Square dots refer to 3-axis data, also not included in the fit.

butions to the shear elastic constants C'a -2.2, C 0.5, and to the bulk mo-
10 2.2, C 44,3 -. ,adt tebl o

dulus B - 2.7 (units of 10 ), estimated from (3). The fitted force constants

are given in the table below. Although a few of the important features of the ex -

perimental data have been confirmed (1) by more careful investigation of a few mo-

des (the squares in Fig. 4), these forLm constants should be regarded as prelimi -

nary only, firstly because of the large errors and total absence of data in some

branches, and secondly because we now feel that the value of B used in the fit is
rather uncertain, and should be left out until low q (X00)L and (XXO)L modes are

studied in detail.

Table I - Magnetic contribution to the force constants (in He-1 )

lot neighbour(lll) 2d neighbour(200) 3d neighbour(220)

a - 1.08 a - 3.20 a .99

81 " -. 98 %2 - -.42 53 -1.1
0 3 = 1.10

Ref erences:-

1. A.N. Vallira, C.G. iadeo, being submitted to J. Phys. 1.

2. A.M. Vallisa, Ph.D. tJesis, Cambridge hivemity, 1977

3. DJ. Dever, J. Appl. Phys. 3, 3293 (1972); J.L. Routbont et &l, Act Hetal. 19,
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32, p.415 (1971)
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SCREENING OF THE SHORT-RANGE POTENTIAL BY THE LOCAL FIELD CORRECTION

IN THE LATTICE DYNAMICS OF VANADIUM

B.N. Onwuagba and A.O.E. Aninslu

Department of Physics, University of Nigeria, Nemkka, Nigeria.

Abstract.- The dielectric formulation of the local field correct-
ion to the dynamical matrix for phonon dispersion relation in d-
band metals in the transition-metal model potential approximation
is re-examined, with a view to explore its influence on the short-
range (Born-Mayer) interatomic force contribution to the dynamical
matrix. It is observed that the off-diagonal components of the
inverse dielectric matrix, which determine the local field correc-
tion, make contributions that tend to cancel or "screen" the Born-
Mayer contribution, just as the diagonal components of the inverse
dielectric matrix tend to provide screening of the long range
(Coulombic) contribution. Numerical calculation for vanadium shows
that the cancellation of the Born-Mayer contribution to the dynam-
ical matrix by the local field correction is physically signific-
ant, and leads to a better understanding of the soft modes in the
phonon spectra of body-centered cubic transition metals.

1. Introduction. - Several years ago, Oi and AnimaluI developed a

theory of the local field correction to the dynamical matrix for the
phonon dispersion relation in d-band metals in the transition-metaa

model potential approximation, with a view to elucidate the occurr-

ence of soft modes in the body-centered cubic transition metals, I
vanadium and niobium. The results of this effort was subsequently

reported2 in the 1977 Conference on Transition Metals. The important
steps in the theory may be bummarised briefly, as follows. The dynam-

ical matrix for phonon dispersion relation in a Bravais lattice is

split, as in the case of simple metals, into a sum of three terms,

namely the Coulombio contribution due to the long-range Coulomb

interaction between the bare ions of the metasL, a short-range (Born-

Mayer) contribution due to the overlap of the core wavefunctions
centened on neighboring ions, and the electronic contribution due to

the indirect ion-ion interaction via the polarisation field of the

conduction electrons. The electronic contribution involves, therefove

the screening action of the'gas of conduction electrons through the
electron-phonon interaction matrix elements, gq,X' which are proport-

ional to the screened pseudo-potential or model potential form factor,

V(q). Because of the virtual bound character of the transition-mebal

d-aleooftms, local field eareetions a&rise in the conventional

screening calculation, as the off-diagonal components of the inverse
dielectric matrix. The purpose of this paper is to show that the



C6-402 JOURNAL DE PHYSIQUE

contribution to the dynamical matrix from the local field correction

tends to cancel the Born-Mayer contribution, with the result that the

effective short-range interatomic force turns out to be attractive

rather than repulsive.

2. Outline of the Microscopic Theory. - The phonon frequencies in a

Bravais lattice are determined by the secular equation

E [MW26. - D.O(q) ] eo(q) = 0 (a = 1,2,J) (1)

where D G DC + DR + DE is the dynamical matrix, consisting ofwhreDB s B ai +  6

the three (Coulombic, Repulsive, and Electronic) contributions, as

indicated. The electronic contribution, in particular, has the form:
E(q+g) a(q+g') 9 ~~ go,

DE (q)z -MW 2 ( X AG(q+g,q+g1). Z' -- G(gg')) (2)
gg Iq+gI2  gg 1 g12

where

G(q+g,q+g')=(4, ze2  )-2 v(q+g)x(q+g,q+g') VM(q+g)
a 0 iq+g V,

x C' (q+gq+g')VM (q+g') (3)

is the energy-wave-number characteristic matrix,

x(q+g.q+g') = [v(q+g)]- 1 (6,gg. - s(q+gq+g.)J (4)

being the generalized susceptibility matrix, v(q+g) the Fourier trans-

form of the electron-electron interaction, op = (4%z2e 2 /Mao)1 the ion

plasma frequency, z the chemical valence and o the atomic volume. I
The expression for G(q+g,q+g') can be separated further into a diagon-

al part G0 (q+gq+g)dgg, which represents the screening of the Coul-

ombic contribution, and an off-diagonal part G 0(q+gq+g') which

represents the local-field correction and tends to cancel or "screen"

the repulsive contribution. Explicitly,

2 2av ~ ~ MGLC q~g~~gl)( 4ze .)-2r[ v(q+,,) 2 <k+q+g I (--l )k~q+g,> av VM(q+g)
G ~l~gl (q(qqg'g

X V <q+gt)][o1(q+g) - E.V E ck~q+g-i(-"3V )jk~q~g">av J  W

in which VM is the transition-metal model potential, and tVM/*E

characterizes the depletion hole whose dependence on energy and on

core electron wavefunctions is typically of the Harrison form3

SVM/6E * Zlei'<e! + Ztd,<dI - AI&441& (6)
a d d (Ed-E)

2

It is this depndence on core wavefunctions and the algebraic sign
of the local field correction that make it tend to cancel the Born-
Mayer term.

J _ 'i
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THE ULTRASOUND-INDUCED ELECTRIC FIELD GRADIENT (EFG) IN METALS

B. Strobel, K. Lluger, H.S. B~uuael and V. HUller *

Vniversitdt Konstca, Faklstit f~r Physik, Poetfacii 6560, D-7750 Konstanz,
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Abstract.- The method of quadrupolar nuclear acoustic resonance (MAR) allows
To -determine the tensor S relating the ultrasound-induced dynamic BIG (DEIG)
to the ultrasonic strain. The observed temperature dependence of S in cubic
Ta metal supports the "phonon-model" for the empirical T2,-law of the nuclear
quedrupolar interaction in metals.

1. Introduction.- The study of the static EFO in non-cubic metals and around

defects in metals han been of considerable interest over the past decade (for a

review see Ref.,1). One of the natives for this interest is the empirical

temerature dependence of the 3VG as 0S - B.T~j) which is observed in nearly all

metals. In ordei? to explain this T1*5-law, two models were propounded: a "phonon-

nodel",
2 attributing the temperature dependence essentially to a Debye - Waller

factor OWV), and a "quadron-model"3 based on the assumption of quadrupolar

elementary interactions in non-cubic metals, in analogy to Bloch's T~s-lav in

ferromagnets which is explained by the excitation of mignons. A crucial test for

any form of "quadronr-model" would be the absence of a temperature dependence in. an

elementary excitations should be present).

2. The ultrasound-induced VCG.- Although the static EFS vanishes f or cubic

By etry, one is still able to observe the DEN accompanying an ultrasonic wave.

When interacting with quadrupolar nuclei in a magnetic field, the DIPS can induce

transit ions between Zeemen - levels, giving ris, to quedrupolar MAR". From the

intensity of the EAR signal one cmn determine the fourth-rack taer 5 relating

the DueS Vii at the site of a nucleus to the applied strain cl

Vij Sijkl ekl
k, I

The analysis of the S-tensor components allows one also to infer on the electron-

phone. interaction in metals 5 ., The present catributicn is particularly concerned

with the tomeratur dependence of S which is studei both tboretic~lly (en the

basis of the "phemor-mdel) aa experistally. (A detailed eceomt eft be found in

&ef . 6).
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3. Screened-potential approach.- In the approach of Nishiyama et al.
2 the EFG at a

certain nucleus is given by a superposition of screened-potential contributions

from all other nuclei, with the screening charges following adiabatically the

thermal motions of the nuclei. For our needs we have expanded' this approach to a

lattice with both thermal und ultrasonic vibrations. We obtain eventually the

S-tensor components as a sum over all reciprocal lattice vector points :

S Glv (T) - -a(1-y_) Deff(T) (I (G VV+G V )+6 ) V: (

where m and (l-y) are temperature-independent prefactors, Deff(T) is an effective

DWF, V denotes the spatial derivative in the Fourier space, 8 is the Kronecker

symbol, and V*(a) is the Fourier transform of the screened-potential EFG at the

site of the reciprocal lattice vector point a. It can be shown' that within this

"phonon-model" the effective DWF (and thus the temperature dependence) for the

S-tensor in a cubic metal is essentially the same as one would expect for the

static EFG if the metal were non-cubic.

4. Experiment.- The temperature dependence of S has been investigated in cubic

tantalum metal which due to its high nuclear quadrupole moment is especially

well suited for a NAR experiment. In order to increase the experimental accuracy

a novel calibration method was applied, using the magnetic-field-dependent ultra-

sonic attennation known as Alpher - Rubin effect for an internal calibration

standard. In Ta there are two independent linear combinations of S-tensor

components. For these the following experimental results were obtained at 300 K:

S, - ± 6.33(29) . 10
2 2

V/m
2

($11-S 12)/2 = 4.11(37) . 10
2 2

V/m
2

(h, e that with a conventional NAR experiment only the sign of the ratio of the

S-tensor components is accessible.)

tonmveature (K)

o0 Vo 2 300 40D

-0.61

i-0.8

Figure: Temperature dependence of

the ratio (S11 -Szz12S.,,, (above)
and of the absolute value of S

&4-(below) in tantalum using a T

63- scale. The fit for IS441 corres-

&a- onds to a dependence as

...... sa(o) 1.(1-n.TS% with
B - +7(3)10 K

'
.

T&
s IKJ

• • T : i . " " 
'

3 , _
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The Figure shows the measured temperature dependence of the S-tensor in Ta.

The ration of the components is found to be temperature-independent within the

experimental error. In contrast to this, the S-tensor as a whole shows a decrease

with temperature which can be fitted to a T S-law, in analogy to the static EFG.

From this fit the parameter B is obtained as +7(3) - 1O-'K " U.

5. Conclusion.- Whereas the "quadron-model" results in a zero temperatur

dependence for cubic metals, our observations are in complete agreement with the
"phonon-model" which predicts a temperature dependence of the S-tensor as a whole.

An estimation7 of the parameter B from the tantalum atomic mar' and Debye

temperature yields +6-10 - 6 K-
'

. The observed temperature dependence in tantalum

thus supports the idea that the empirical T*S-law of the nuclear quadrupolar

interaction in metals can be essentially explained by the effect of lattice

vibrations.
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MICROSCOPIC POLARIZABILITY MODEL OF FERROELECTRIC SOFT MODES

A. Bus-ann-Holder, G. Benedek, H. Bils and B. Mokross

Na-Planck-lnetitut fir Featkdrperforeohng, 7000 Stuttgart-80, F.R.G.
* Ietituto di Fisica deZZ' Univeritd and CNN.-CR, MiZano, ItaZ

Abstract.- A simplified verlion of a recent microscopic model
of ferroelectric soft modes is studied. It is shown that the
compensation of long-range and short-range forces which indu-
ces the soft mode behaviour of ferroelectric systems can be ex-
pressed in terms of a simple linear chain model with a n9n-li-
near polarizability at the chalcogenide ion lattice site . This
polarizability is equivalent to an on-site electron-two-phonon
coupling. The four different temperature regimes which result
from the model equations are discussed. The model is applicable
to colpletely different systems gugh as perovskites, SbSI
IV-VI semiconductors and K2 SeO4

The dynamical properties of ferroelectric perovskites have been
successfully described in terms of a strongly anisotropic non-linear

polarizability of the oxygen ion. By means of a simplified diatomic
8linear-chain version of this model it was possible to describe as

well the soft mode properties of other systems and to interpret the
carrier and defect concentration dependence of the soft mode in

terms of microscopic parameters. Within the model the instability of
the ferroelectric soft mode is attributed to a negative electron-ion
coupling constant g2 which contains strongly attractive Coulomb for-

ces in a local approximation. Stabilization of the paraelectric modes

is guaranteed by the repulsive on-site fourth-order electron-ion coup-
ling g4 and the second nearest neighbour coupling f'.

The model has some features in common with those discussed by

Pytte et al. 11 as it also represents a double-well problem, where the

finite electron core displacement w is analogous to the static ionic
.e displacements. The classical ground state is given by -w 2 - 2g 12

It is however important to note that in this model the double well po-
tential results from the non-linear interaction between electrons and

ions. Similar to the double well problem a border line for displacive
and order-disorder regimes may be defined which Is given by
2 ( N)11 + < 1 12 where the second nearest neighbour repulsive

Coulomb interaction f' is essential for the existence of the displaci-

ve regime.

Ao~
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Within the model the tem-

S) KTaO3, perature dependence of the fer-
limfa , mi nl roelectric soft mode is given16 Y.2 1A4, 1 1/3 . by1 1/ 3breduced

2 , f = nearest
P f =fg neighbour

core-shell-
2kT - 2MT : %A-- coupling

where 2(T = 92 + 394 <w 2

06 and <w2> is the self-consistent
thermal average over the squa-

red relative core-shell displa-
* S. cements at temperature T.

I The different temperature

regimes which result from the

10 0T model are shown in Fig. 1. For
M athigh enough temperatures the

*Slkangki e al. soft mode saturates and the cri-
2

tical exponent y with f Z

(T-T )y , reaches 1/3 of its
Fi Temperature regimes which mean-field value 1. Experimen-
resltout of the model, exp.: tally this has been observed

for SbSI, 4 KTaO3 and SrTiO3.
For finite Tc and temperature T>T c  the well-known mean-field regime

occurs which governs the largest temperature region. y= has been ob-

served for all ferroelectric systems. For TcZO and temperatures close

to-OK again strong deviations from y=1 are observed. In the quantum

limit classical renormalization group theory predicts an unchanged ex-

ponent y-1. The quantum limit leads to an apparent enhancement of

dimensionality, i.e. d-4, which yields for the critical exponent: y=2

(refer to D. Rytz, U.T. H~chli, this Conference). The self-consistent

phonon approximation (SPA) which lookds to exact results in the very

displacive limit predicts y-2, too !.The dimensionality crossover re-
gime, appearing at low temperatures, is dominated by a "crossover" expo-
nent, 1.4<Y<1.6. Ail temperature regimes have been observed experimen-

tally as indicated in Fig. 1.
An interesting extension of the model is given by the exact so-

lutions of the non-linear equations. Besides kinks new non-linear,

but periodic, solutions, "periodons 1 2, are found which play a major
role for the description of inommensurate and lock-in transitions.
The coupling between periodons and the self-consistent phonons shows
ompletely new features in the dynamics of ferroelectric systems,

7t
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(refer to H. BUttner, this Conference).

A more extended version of the SPA and the non-linear problem

will be given elsewhere1 3'6
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INFLUENCE OF STRONG MAGNETIC FIELDS ON FERROELECTRIC PHASE TRANSITIONS
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Abstract.- The ferroelectric soft mode in SbSI has been investigated by Raman
scatering in strong magnetic fields up to 14 Tesla. The mode frequency shifts
towards lower frequencies for a magnetic field perpendicular to the ferroelec-
tric c-axis while the mode frequency is unaffected for a field oriented paral-
lel to the c-axis The effect is explained in terms of a recent theoretical
model which is based on the anomalously strong electron-phonon coupling of the
3p electrons located at the sulphur ions.

1. Introduction.- SbSI crystals exhibit at -, 290 K a transition from a high tenpera-

ture paraelectric phase to a ferroelectric phase which is triggered by the softenning

of a transverse optical phonon (1). Within a recent microscopic model based on the

highly anisotropic non linear temperature dependent polarizability of the chalcogeni-

de ion it was possible to calculate within the self consistent phonon approximation

(SPA) the temperature dependence of the soft mode in KTaO 3 crystals (2). !ecause of

the high polarizability of the 3p orbitals of 52- it seemed interesting to study the

effect of a high magnetic field (> 10 Tesla) on the dynamics of the soft phonon. The

effect of a field should lead to a shrinkage of the 3p wave functions as it has been

calculated by Larsen for H" ions (3). The shrinkage will affect the polarizability of
- and conclusively the ferroelectric soft mode frequency.

2. Experimental.- The needle like samples were inside a variable temperature cryostat

and surrounded by the gas at atmospheric pressure. The temperature monitored by a Pt

resistance was stable to ± 0.02 degree. The 6754 A krypton laser line was used to

excite the spectra, the power was carefully kept constant (8 am on the sample). The

Paman spectra were recorded in the back scattering arrangement with the laser light

incident on the 110 or 11Ocrystal faces. The spectrometer was a Jarrel-Ash double

monochromator. The experiments were performed either with a split coil titter magnet

(maximum field 13 Tesla) or with a conventional Bitter magnet (maximum field 14Tesla).

3. Results.-Spectra were recorded with the magnetic field B parallel or perpendicular

to the crystal c-axis. The soft mode is only Raman active in the ferroelectric phase.

For each experiment the temperature of the sample Ts was kept constant below the

Curie point Tc and the field turned on. For Tc - Ts less than 4 degrees the soft mode

frequency shifts to lower frequencies when the magnetic field is perpendicular to the

ferroelectric axis (Fig. 1). If the temperature of the sample is too low Tc - Ts <5

the field does not affect the soft phonon frequency. The soft mode frequency
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I I Fi Raman spectra of SbSI, Tc - Ts = 3.25 K
.7 SI insiert frequency of the soft mode Wo, shifts Aw

2.7 MS observed at 14 Tesla for various sample temperatures.
i2 i 4

\ 3.7 5 5 l is unaffected whatever the temperature of the sample

45 15 I for a magnetic field oriented parallel to the c-axis.

The results are identical for experiments carried out

with the laser beam incident on the 110 face or on

ST the 110 face of the crystal.

AT 4. Discussion.- The dynamical properties of SbSI
ST could be well described within a simple diatonic

UT model with quartic non linear temperature dependent

UT polarizability at the chalcogenide ion lattice site

0 20 40 em'l (Fig. 2). The polarizability g(T) consists of two

parts, a harmonic negative electron-ion coupling 92
which reflects strongly attractive Coulomb forces and

a non linear part g4, which stabilizes the soft mode in the paraelectric as well as

in the ferroelectric regime (4).

As has been shown for perovskites and IV-VI compounds only the harmonic part of

the polarizability Is affected by a charge transfer (5). For SbSI the calculations

show that g4 is constant at all field strengths while g2 decreases linearly with the

field (30 % for 14 Tesla). Close to Tc , within the model wf 2 is given by

wf 2  9 2 + 39 4 <w2> W0
2 /2f

Experimental data show that for all fields wf as a function of T reaches the sane

value at Tc - T8 where T8 = 283 K (Fig. 3). This bahaviour can be expressed in terms

of an empirical formula for both the magnetic field dependence and the temperature

dependence of wf2 ; wf 2 = (Tc - T)l+.mo2/(Tc - T )C.

The identification of the empirical parameter with the model parameter is

easily shown 2 2

wf(B) - (g22() + 394 < WT2>) = g (T,8)

g (TB) - G (E) . (Tc - T)
l1

r(B)

2 (B) - 2

(c-TO)F-(B)

where c is linearly dependent onB as c - co + c'.B. The comparison of experimental

data with the calculations is shown on Fig. 3.

F : Polar 1 sbIl 1  model m, m2
Toncmsses (s -Sb 3  ; f~fl ft)4t--

and second nearest netighbour coupling
constants ;g, g hartonic and quar-
tic shell-shoPe clupling constants.

• • m + - . II
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Fig. 3 Soft mode frequency versus sample
In w temperature for various fields (dots :

3 experimental data - lines : calculations).

OT- To get a more microscopic insight into the

T4 TT B magnetic field effect we may compare our calcu-
3OT lations with the calculations by Larsen (3) on

UTu *the effect of a magnetic field on the wave

functions of the H- ion. These calculations

have show that when a magnetic field is

I I5 WlT-T applied the wave functions shrink and change

in shape to something resmbling an ellipsoid.

This effect is strongly related to the magnetic

field strength. As we are in the low field

limit (y - 3.10 "5 see ref. 3) the shrinkage should be of the order of 1.10"5% at

14 Tesla, which would correspond to a directionnal charge transfer of 1.106 e-;

this is too low a value to explain the shift of the soft mode we observed.

From the change of g2 with field it can be concluded that the charge transfer is

of the order of 2.5.1074e- , which corresponds to a shrinkage of 2..W3% in the wave

ftmctions of S ". As has been shown for K Ta 03 (2), a charge transfer of 0.51 from

the oxygen to the Ta ion leads to a shift of 150 cm- 1 of the soft mode frequency.

Taking the same value for SbSI the reorientation of charge by a 14 Tesla magnetic

field would shift wf by -. 1 ca"1 , which is in good agreement with experimental data.

It is concluded that the strong enhancement of charge transfer, more than two orders

of magnitude greater than the charge transfer calculated fOr H" (2), is due to the

highly anisotropic non linear polarizability of the chalcogenide ion.
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ROLE OF POLAR PHONONS IN THE CHEMICAL BOUND AT STRUCTURAL PHASE

TRANSITIONS CHARACTERIZED BY REPETITIVE FOURIER SPECTROSCOPY

F. Gervais and J.L. Servoin

Centre de Recherahes our Za Phvique doe limtee Toptratures, C.N.R.S., 45045
OrZiana, France

Abstract.- The temperature dependence of dynamic effective charges carried by
Ti and Nb ions which are the movable atoms involved in the ferroelectric phase
transition of BaTiO 3 and KNbO , respectively, are reported, as deduced from
TO-LO splittings of polar lattice modes, including soft modes. Results below
the somiconducting-metal phase transition of NbO 2 are also discussed.

There is an aspect of certain structural phase transitions with displacements

of atoms, but which are not properly displacive, which has been little exploited up

to now. When a structural transition occurs, certain cation-anion distances are sig-

nificantly changed. Such changes of bond lengths affect not only the bond strength k

and, therefore, the frequency of the oscillator we - (k/p) 1/2, but also the amount

of the fractional charge which is supplied by the cation and localized on the anion.

But things can be more complicated in compounds like oxides because oxygen becomes

unstable, i.e. its polarisability increases rapidly with the increase of the radius

of a spherical repartition of positive charges. I The knowledge of instantaneous dipo- i
le moments created by the motion of positive against negative ions, by infrared reflec-

tivity spectroscopy, gives information not only on polar optical modes and their

splitting into TO and LO components, but also on the effective charge Ze. We will use

the charge Ze introduced by Scott,2 which is
bTO2  related to the Szigeti effective charge e

1/2
Kt03  via Se = a (c.+2)/3 E , where c is the

high frequency dielectric constant. Se is the

S dynamic effective charge and incorporates the

* / Jeffects of polarisablities and local fields.

SThe dynamic effective charge has been measu-

Ism red in hamopolar crystals such as graphite3

for example, and found to be finite wh reas

the static charge is obviously zero.

* - The TO and W. frequencies as derived by
Cochran,4 are thus rewritten

2 2
1 Tmpoigoredepn~nceofk/o - (Ze) / 3cvY (1)th oft dof frequency In the cubic

ee oe onile peVIAtitee o " k + 2 (0)2 / 3uV (2)

j ,i:i
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(2) minus (1) yields' '2 _ 2 2
rElPS BaTi22 LO 0;O = (Ze) 2 / vvV (3)

a relation which has been generalized by 
Scott

2

3 -' - in the form

S( JTO) = (V) ZZe) k, (4)

k17' where E is the dielectric constant of vacuum

I I and the sum on the right side is over all k

___ ___ ions of mass mk in the elementary volume V.

I The temperature dependence of effective charges
- " ZoX along a polarization a can thus be accurately

A- I deduced from that of TO and LO frequencies. In

I ITI .
0 5W M strongly polar crystals such as oxidic perov-

TEMPERATURnE (K) skites, the contribution of the heavily damped

_ soft TO mode to Eq. (4) amounts to 4 1% that of

4.2 FEiEE KNbO3  the weakly damped high-frequency LO mode in the
0-0-n--- 

I
I 0 cubic phase just above the temperature of tran-

----- sition to the tetragonal phase. It is, therefo-
3.1 Ire, reasonable to renormalize the frequencies

ii3A in Eq. (4), which has been derived in the harmo-

Z! nic approximation, to account for anharmonic

W -1.- 1 . corrections. Results for the temperature depen-

I ... x dence of the soft mode in the cubic PE phase of

SrTiO3 , BaTiO3, KNbO 3 and NaNbO 3 as obtained by a

-to . the authors and coworkers, are summarized in

0 C I Fig. 1. Data have been deduced from i.r. reflec-

TEMPERATURE (K) tion spectra recorded with a repetitive Fourier

Fig. 2 Temperature dependence of spectrometer and analyzed with the factorized

effective char~es in BaT1O3 and form of the dielectric function. In such a sys-maOW3 with Zoo- 1. 5 and Z. - 1.
te, the frequency accuracy is much better -

which is most important in Eq.(4) -than in conventional spectrometers since cali-
-1 9

brated by comparison with that of a He-Ne laser and reaches 0.02 cml . It was found

that a crossover from a regime which has the classical displacive soft mode behavior

to a regime whose features are better described in the language traditionnally re-

served for order-disorder system, occurs above the temperature of the cubic - to-

tragonal transition so that this is finally not the soft mode which triggers the

phase transition but rather hopping motions of ions in a triple-well potential.

The displacmnt of Ti ion with respect to the oxygen octahedron, which occurs at Tc

In Wai03 is however visualized in Fig. 2 on inspection of the marked and sudden de-

crease of zri and Z which is ascribed to the shortening of the Ti - 0 length along

the rN axis. Perpendicular to the direction of spontaneWS polarization, no signifi-

cent change of effective charge is observed over a wide temprature range, consis-

.... , j , ,
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tent with the fact the Ti ions occupy the centro-

0.6, symmetric site of the plane in both phases, at

least with the largest probability. The same is

found in KNbO 3 perpendicular to the direction of
U3

Uw spontaneous polarization (B2 modes) in the ortho-

rhombic FE phase by comparison with the cubic PE

phase as shown in Fig. 2, whereas significant de-
creases of charges have occured in other direc-

o *AUi tions where certain Nb - 0 distances are thus

confirmed to be shorter, in the FE phase. Let us

briefly recall that this method, which, therefore,
0.4 ,

300 00 900 TC turns out to constitute a sensitive probe of
TEWERATURE (K) (even small) ionic displacements, have also been

successfully applied to the cases of ferroelec-
Fig. 3 : Effective charges in 12 13
NbO 2#measured parallel (//) tric LiTaO3 and LiNbO 3, and niobium dioxide.
and perpendicular (1) to the In the latter case, the low-temperature phase is
direction of Nb-Nb pairing.

essentially characterized by pairing of Nb atoms

two by two along the c axis. Such a pairing reduces the effective charge Z// in this

direction with respect to Z, as shown in Fig. 3. Z would increase and tend towards

Z I at the temperature of transition to the high-temperature rutile phase which occurs

at 1080 K (in agreement with the observation of isotropic charges in other rutile

oxide compounds) but this increase is masked by a decrease of 1 30% of both charges

which is understood as a consequence of the progressive delocalization of electrons

consistent with a change from semiconducting to metallic character which occurs at

the 1080 K transition.
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E (x) - AI(z) OBLIQUE PHONONS IN TETRAGONAL BaTiO3

T. Nakamura, S. KojimO , M.S. Jang, M. Takashige and S.Itohe *

I.S.S.P., Univ. of Tokyo, Japan
*Inat. Appl. Phys., Univ. of Tekuba, Japan.

*Tokyo Inat. of Polytechnique, Japan.

Abstract - The polarized Raman scattering measurements from
tetragonal BaTiO3 were made, with incident and scattered light
polarized both in (x,z) scattering plane, having a crystal
rotated about y-axis perpendicular to the plane. The Raman
spectra were obtained at k k = 1200 scattering geometry. Our
experimental results of an~ular dependence of oblique phonon
frequencies were analysed by the erten's theory.

l.Introduction - BaTiO3 crystals have the cubic perovskite structure
with point group m3m above Tc0 1330C). It transforms successively to

three ferroelectric phases: first to 4mm tetragonal at Ta, then tom2
orthorhombic at 60C, and finally to a 3m trigonal phase at -900C. The

polarization direction in the three ferroelectric phases is 1001],

[0111 and [1111, respectively.
The irreducible representations are 3Tlu + T2u + Tlu (acoustic)

in the cubic phase. In the tetragonal phase, the Tlu modes of cubic
phase split into 3A1 + 3E modes, and the T2u modes into a B1 and an E
mode. The four E optic modes in the tetragonal phase have the Raman
polarizability tensor, axz or a yzfor the x- or y- polarized phonon,

respectively. And Al mode has a , a and a of the Raman polari-
sability tensor for the z-polarized phonion. A phomon of which wave
vector is in a direction that makes an angle of 06<9<900 to the z-
axis, is an oblique phonoe, where 8 is the angle between the phonon
wave vector and x-axis. he polar phonons at 8 - 06 are N(x)TO and
AI(s)WL phonos, and at S - 90* AI(z)TO and E(x)LO phonons. Morten

presented the general formula for the angular dependence of oblique
phonon frequencies and calculated the mode frequencies of 6-oblique
phonon branches using the infrared reflectivity spectra2 -4 )on flux
grown crystals. In this work, in order to obtain VAman spectra of
the oblique phonons, we made seauraonts on a melt gron crystal at
the optical geometry with phonon wave vector in the (za) plane, and
we discuss this experimntal results on the basis of Mrten*s calcu-

lated results.
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2.Experiment - A melt grown BaTiO3 single crystal was obtained from
Sanders Associates. The size of sample used was about 4.5ma x 6.5me
x 5.Oram(5.Oum along the z-axis). Sample was excited 300mU Ar-ion

laser light at 5145 A. The geometry for observing the Raman scattering
peaks in the (x,z) plane was shown in Fig.1. The incident light vector
ki and the scattered light vector were fixed. The angle between k*
and tawas 120*. The sample was held on a goniometer which is horizon-
tally rotatable within the accuracy of +0.10. The angle e is varied
by rotating the sample about the y-axis.

3.Results and Discussion - The Raman spectra of kiks- 1200 scattering
geometry obtained at several angle 9 are shown in Fig. 2. The line shape is
similar to A1 (z) TO phonon spectrum at 0-76.9 o and the peak frequencies

shift to the low frequency as 8 is decreased. In order to investigate
these spectra, we wrote Merten's generalized formula in to the form:

00 n ((Wi'O) 2 
- w2 ) 1, ((W TO)2 _ w2)tan 2= 3  il1 Ai . 2(

an2 1_H1((wL02 - w2) i1((,0)2- w2)" i Ai"(

where TO and LO arAi A e (z)TO andA1 (z)LO phonon mode frequencies,
WTo and wLO are E(x)TO and E(x)LO
Ei ZI

phonon mode frequencies,respective- 6t

ly. a and n. denote the number of
Elx)TO(or B(x)LO) and A1(Z)TO(or
A1 (z)LO) polar modes with the
phonon wave vectors in the (x,z)

plane. Mr

Ir- - 20.secta t.-- 20 z

mr

j ,.j Ur

00 300 090 4W0000 0700
FNNY SMFT (am-)

V- g I Scatterift pastry at n&.2 Ama s . ... W of the.-Isom
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The phonon modes EWxTO and A 1 (z)LO at e = 00 were obtained by

the y(z,x)y+A&z and y(z,z)y+iz geometry, respectively. The A 1 (z)TO and

E (x) LO phonon modes at e-9 00were obtained by the y (z, z) jand y(x, z) y+Ax

spectra, respectively. We calculated angular dependence of each oblique

phonon frequency by substituting the mode frequencies into Eq. (1) using

a computor. The results calculated are shown by the solid line in

Fig.3. In increasing e from 0* to 90*, among seven branches,(l)two

remain To all the way through, TO-TO; (2)two remain LO all the way

through, LO-LO; (3)Two change from TO to LO, TO-LO; and (4)one changes

from LO to TO, LO-TO.

In Fig. 3, the solid circles are peak frequencies of oblique phonon

spectra found in Fig.2. Our experimantal results of angular dependence
of oblique phonon frequencies are good agreement with Merten's calcu-
lated results except for the lowest oblique phonon branch, EWxTO -

A 1(z)TO and the phonon branch A 1 (z) LO (191lcm 1 at e -o00) - A 1 (z)TO

(280 cm1 at 0=-900). The reason why these peak frequencies deviate

from the solid line is attributed to the influence of the overdamped

.E(x)TO soft phonon which comes from the T lu mode at the cubic phase

______________and that of the broad peak of
A 1(Z) TO at 2 76 cm * Since Herten Is

A1(LO) E(LO) treatment does not take account of

iIA 1(TO) damping, our experimental plots of
5W - the frequencies of oblique phonon

E(CAc

AI(LO) - E(LO) modes of which damping are high
450 I, deviate from the solid curve. The

E(TO) t~E(WO) analysis of the influence of damp-

AIT$ ing is in progress.
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RAMAN SCATTERING FROM AMORPHOUS STATE OF FERROELECTRIC PbTiO 3 AND ITS

CHANGE IN THE CRYSTALLIZATION PROCESS

T. Nakamura, M. Takashige and Y. Aikawa

-. S.S.P., Univ. of Tokyo, Japan.

Abstract - Amorphous state of PbTiO has been prepared. DTA,
optical and electron-microscopic investigations has clarified
the crystallization temperature and the devitrification phenome-
non. In Raman spectra, low-lying response is found in-the
amorphous state, and the ferroelectric soft mode is found when
it is crystallized.

Tsuya et al1 ) first prepared amorphous flakes of ferroelectric

PbTiO 3 by a roller quenching method. Confirmation of their being

really amorphous and neither crystallites nor ceramics, has been made

by Uno using X-ray diffraction method.

Glass and Nassau independently prepared amorphous flakes of

crystals such as LiNbO3 , LiTaO3 , and reported unexpected high values

105 of dielectric constant in the vicinity of crystallization temper-

ature3) Lines published a theory, stating that the amorphous state of

ferroelectrics having high symmetry structure such as perovskite may

have ferroelectricity.
)

We prepared amorphous flakes

of pure(99.9%) PbTiO3 by the twin

roller quenching method, without (S) crystalline
adding "glass formers". Confirm- 8

ation of being really in the amor- Z Tc

phous state is made by x-ray " -
diffractions. EXSAFS study is in E-

progress by Terauchi et al. (A) as-quenched

Amorphous flakes obtained

are about 20 p thick, transparent, X cry s
and optically isotropic, with

yellowish color.

On heating the as-quenched
material, DTA does not find 400 450 500 550 600~~TEMPERATURE ( OC)
anomaly at the ferroelectric
Curie point(490*C) but does find Figure 1
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a sharp exothermic peak at the crystallization temperature Tcrys
- 540oC(Fig.1).

The devitrification phenomenon is observed, when as-quenched

flake is heated up to about 950"C ?)

The Raman scattering experiments were made on the pellets as

described above
6 ,7)

Fig.2(A) shows Raman spectrum from as-quenched material. Soft

mode does not exist, background is high, and several broad peaks exist.

Fig.2(B),(C) and (D) show effect of heat treatment on Raman

spectra. After heat treatment at a temperature above T ,, soft

mode appears. The frequency of the damping of the soft mode is a
function of annealing temperature(Tmax). With increasing the anneal-

ing temperature, the soft mode becomes sharp and hard, other modes
than the soft mode become sharp, and the background decreases. If the

annealing temperature is =Tcrys , spectrum is same as that from the

starting material.

as-quenched

(A) as-quenched Tmax =2000C

(B) Tmax-5400C

400-C

(C) 6900C V 00

\AA 5000(D) 900-CA 5400C

VS) fcrystalline 
50

0 16 02o 400 600 800 120 60 0 60 120

FrQuzNCy SIT(c- 1 ) FREQUENCY SHIPT(CM- 1 )

Figure 2 Figure 3

- - - -- + ..' : +- : -+'. +;. . - . . . . . . . ..
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High resolution, low wave-number spectra (using Jobin Yvon Ramanor

HG-25) show low-lying response. Fig.3 shows the low wave-number

spectra from samples whichi had been annealed at various temperatures.
When samples had been annealed at temperatures lower than T ,rs'broad
low-lying peak was observed. This peak is difinitely distinct from

the ferroelectric soft mode, which is observed when a sample is

annealed above T .rs Theoretical investigations on this low frequency

atomic vibrations in the amorphous state atract much interest.
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STUDY OF RPUREM KTaO3 AND KTN SINGLE CRYSTALS BY THERMAL CONDUCTIVITY

MEASUREMENTS DOWN TO 50 mK

B. Salce, A.M. De Goir and L.A. Boatner*

Service des Basses Tenpdratures, Laboratoire de Cryophyaique, Centre d'Etudes
Nuclgairee de Grenoble, 85 X, 38041 Grenoble Cedex, France.

*SoL. State Division, Oak Ridge National Laboratory, Post Office Box 10, Oak
Ridge, Tennessee 37830, U.S.A.

ABSTRACT - We have measured the thermal conductivity of pure and doped (Nb,
Na, Li, Co, Ag, etc...) KTaO 3 single crystals to investigate the induced fer-
roelectric phase transition mechanisms. The strong phonon scattering observed
in the "purest" KTaO 3 is tentatively explained as well as the enhancement of
this scattering by substituing Nb in the crystals. Results of preliminary
numerical analysis of the curves are given.

In recent years, a substantial amount of work has been undertaken to understand the

mechanisms by which a ferroelectric phase transition (FPT) can be induced by adding

impurities in "incipient ferroelectrics" such as KTa03 (1). Several authors have

shown that the mixed crystals KTa l-X Nbx 03 (KTN) can undergo a FPT at a tempera-

ture Tc depending on x for x > xc = 0.8 %, but a number of questions of interest

about nucleation and dynamic of FPT are not answered yet (2). Also the origin of the

disorder induced Raman scattering observed in pure KTaO 3 is not well understood (3).

Experimental - We have studied single crystals of KTa03 (pure or doped with different

ions) and KTN crystals (0 < x < 3 %) by measuring the thermal conductivity K(T) in

the temperature range from 50 mK to 200 K, as this property has been shown suitable

to investigate samples with both isolated ions and extended defects.

All crystals were grown by a flux technique and preliminary results on KTaO 3, pure

or doped with Ag or Cu, and KTN crystals, have been previously reported (3). In the
present work, other crystals doped with Co, Ni, Fe, Na and Li have been measured,

and the effect of heat treatments on pure KTa0 3 has also been studied. The results

are illustrated in figures 1 and 2 and can be summarized as follows :

(a) The strong phonon scattering observed in "pure" KTa0 3 is not significantly

changed by (i) adding paramagnetic impurities such as Co, Ni, Ag or Cu at con-

centrations lower than .5 % (ii) annealing in air or vacuum (iii) applying a

magnetic field up to 7 Teslas (fig.2 ; note the enlarged scale compared = fig.11

(b) This scattering is slightly increased, together with a change of shape, byaddirg

1.5 % iron or 0.3 % Li ; the curves are similar to that of a semiconducting

sample (flg.2).

(c) A strong enhancement of the scattering depending of the concentration of the

dopant, and without change in shape, is observed in KTN and Kl.xNaxTaO3 (flg.1)

One crystal, namely 1 % lithium-doped KTaO 3, cannot fit in this scheme : its beha-

viour around 7 K is quite the same than the .3 % Li doped crystal, but below .7 K
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it exhibits a K(T) v T2 law which implies additional phonon scattering in this tem-
perature range similar to that observed in glasses.
Discussion - From these results, it is clear that scattering in "pure" XTaO 3 cannot
be due to isolated defects such as paramagnetic impurities or oxygen vacancies or
hydrogen. The other point is that Nb and Na doping lead to qualitatively comparable

effects ; this is not the case for Li, confirming the pecularity of this system (es-
pecially at concentrations around 1%),which has been claimed by several authors (5)(6).
Therefore we suggest that phonon scattering in "pure" KTaO 3 arises from very smel
quantities of electric dipoles induced by residual and unavoidable Nb or Na (namely

10 ppm, from the mare accurate available analysis). These dipoles cam locally
polarize the lattice over several atomic distances via long range interaction.
It can be expected that these extended defects are strongly copled with phonwns.
This scattering must be nearly concentration Independent as long as no overlap bet-
ween the perturbed regions takes place. From the less concentrated Nb-doped crystals
measured (.15% and .3 % ) we can roughly estimate at lu 1000 ppm the mean concentration
to achieve overlap so that the radius of one perturbed region would be 5-10 atomic
distances. Increasing the INb concentration results in an extension of the "ordered*
pert of crystal, until x = xc where the whole sample becomes ferroelectric over this

, , , --.
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critical concentration. Supplementary Nb do not play any role otherwise acting as

ponctual defects at high temperature. Although the measurements on K 1xNaxTa03 crys-

tals are not so comprehensive and that the determination of reliable Na concentration

is still a major problem, it can be expected that a quite similar interpretation

holds for this system.

Preliminary computer calculations have been done within the Callaway model. All the

Nb and Na-doped crystals can be fitted using a total relaxation time
T_1 (wT) - v/aL + AW4 + TI (w,T) + T' +T-1

where v/aL is the boundary scattering term calculated from the size of the samples,

Aw the point defect scattering and i- is given by the phenomenological expression

rexp [-a f(T-To(x))/To(x)] f T<To(x)
T-1 (w,T) - D~x 2 f(T) with f(T) = 1 ~ [T-T xlji >oxR W I exp [-_ a[T- To Wx)] if T >To(x)

The parameters needed to fit the adjustements shown in figure 1 are listed in the

table 1.
Table I

"Pure" .15 % Nb .3 % Nb 3 % Nb Na

D W (s-1) 3.106 107 3 x 107 2.5 x 106 2 x 107

C1 2.6 2.6 2.2 1.3 3.2

B .15 .3 .22 .18 .22
To (K) 8 7.2 6 . 35 8

It can be seen that, although x is changing by a factor 20 for the KTN samples,

a and B are nearly constant within a factor of 2. The parameter To decreases conti-
nously down to - OK as x increases. If we suppose that To defines very crudely the

wavelength of the most strongly scattered phonons, this wavelength increases with x

and can be related to the extension of the "ordered" part of the crystal. Also the

value To - 8 K for pure KTa03 leads to a perturbed volume of about 8 unit cells, in

agreement with the qualitative estimation given above.

References

(1) HIiCHLI U.T., VEIBEL H.E. and 9INEATR L.A., Phys. Rev.Letters, 39, 1158 (1977).
(2) YACOB Y., Z.Phystk 8, 31, 275 (1976).

(3) PRATER R.L., CHASE L.L. and'BOATNER L.A., Phys. Rev.&, 23, 221 (1961).

(4) DE OER A.M., SALCE B. and SOATNER LA, Proceeding of 3rd I.C. on Phoen Scatte-
ring in Condensed Hatter, (Providence-US), Plem Press N.Y.,243 (1980).

(5) PRATER R.L., CHASE L.L. and BOATNER L.A., Phys. Rev. 8. 23, 5904 (1981).

(6) BORSA F.. HCHLI Lk.T., VAN DER KLINK J.J. and RYTZ D., Phys. Rev. Letters, 45
1884 (190).

. .-. .-, .' ' t .' ''''''' .- --.. .. 5-, T



JOURNAL DE PHYSIQUE

Coltoque C6, suppldment au no 12, Tome 42, ddcenbre 1981 page C6-427

SOFT-MODE SPECTRA AND PHASE TRANSITION IN KDP CRYSTAL WITH ADP

IMPURITIES

Jong-Jean Kim, Jong-Wook Won and Byoung-Koo Chol

Phyeios deportment, Korea Advnoed Institute of Science & Technoogy, P.O. Box
150 Chongyangni, Seoul, Korea.

Abstract. - On the basis of the q-dependent coupling interactions between the
proton pseudo-spin mode and the lattice phonon mode we could explain qualita-
tively the observation that the ferroelectric transition temperature of the
KDP crystal was lowered as the ADP impurity concentration in the crystal was
increased.

1. Introduction - Impurity effects on the dynamical aspects of the phase transition
in KDP type crystals have been a great concern of many research workers(1,2) The

local soft-modes of the clusters around impurities are known to have a higher

softening temperature T. well above T of the crystal soft-mode
(. 4)

When the impurity dependent cluster concentration or the temperature dependent

cluster size increases to the extent that the nearest neighbor clusters begin to

interact, the local soft-modes of the clusters will be correlated in phase to turn

into the extended soft-mode of the crystal, and thereby a possible raising of the

softening temperature as impurity concentration is Increased.

However, we observed from the dielectric constant measurements that T was
c

lowered by 2.9 K when ADP impurities were doped into XDP crystal by 0.132 (Fig. 2).

2. Soft-Mode Spectra vs, Phase Transition in KD?

I: I

am wave " mmm e',I

PI. l(a): a(ba)c Rom spectra of W3 Fig. l(b): a(be)c low freque 3tmm
crystal. -at 299.6 K, .... at 131.4 Z spectra of ADP costal at room tempera-
and - at 124.9 Z. ta

. :.
' "

- ... ...--
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The soft-mode Raman spectra of KDP and the Raman spectra of ADP obtained in the

same scattering configuration are compared in Fig. 1. This wing spectrum of the

soft-mode continues to remain until 90 K much below the transition temperature 122

K!5 ) The phonon band at 180 cm-'of KH PO does shift significantly when K or P atom
2 4 -1)

is exchanged by different atoms- 145 cm- 1 for KH 2As 4 and 100 cm- 1 for CsH2A,04(6)

From Fig. 1(b) we can see that in ADP both the overdamped w.ing and the phonon

band are extremely weak, and we see an obvious coupling between the soft-mode and a

lattice phonon mode in KDP-type crystals. The uncoupled soft-mode frequency depen-

dence on temperature obtained from the two-oscillator coupled mode analysis can be

interpreted either as w of the coupled pseudo spin-phonon soft mode or as O of the
-1

bare pseudo-spin soft-uode depending on whether we consider the 180 cm oscillator

as another simple phonon of B2 symnetry or as the K-PO 4 lattice w vibration of the

coupled soft-mode. 2ie have the temperature dependence of l., % = A(T-To) different

from that of w_, 2 . B(T-T c). Another difficulty arises that the same observed
be fited c(7)

spectra m-y be fitted equally well by a number of solutions(, and indeed we have
(8)many different results reported for the temperature dependence of the XDP soft-

mode, T0 from 30 K to 117.1 K. Scarparo et al(.)recently emphasized the non-linear

behaviour of the soft-mode, denunciating the fits to the 2 = K(T-To) behaviour.

3. Extenion of Kobayashi model - The q-dependent coupling interaction of

Kobayashi can be written as

q W1 sjI

" {fd 3 q' 1 ele t-( i - } e q.( - xi)(I- e - i q " ) for KDP crystal,

htere one RDP per unit cell Is assumed, the Coulomb interaction energy between thei proton and the j-th ion, v(i - Xj), is Fourier transformed and a, the distance

between the two minima of the double well potential, and
1I2 -b b0 -.-. _

A{DdPq, - 1  eq • (xI - x e-° - )( - eiq.a)

for ADP crystal, where I is the distance between the two ADP molecules in the primi-

tive unit cell involved in the antiferroelectric ordering. Suppose an impure KDP

crystal where ADP impurities are homogeneously distributed so that an ADP molecule

sees another ADP molecule at every n-tb nearest neighbor site and KDP molecules in
between. An in the case of antiferromagnetic impurites in a ferromagnetic crystal

where the antiferro interactloh persists even at large distances between impurities

and a spin glass transition occurs ( 1 0 , we assume the ADP impurities persist to con-

tribute the antiUerre pseudo spin inte;actions. Then we bas, for the AN-dop.d

DR crystal where te Un1L cell ha&'w.o ADP and (2n-2) KMF molecules,

___i/a i + -0. -1-0140(2)+2a 3Hf1mA(fd(q ' 1q. (X -x + +ei-(q +
q 5(~10 1 1 )

+ aq-(2 -2) *-4.(2n-1)T7 ( 1 _1.
-7

q -

:iT.;,
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and we obtain

IF'l2  4n2 (1/4n2)2{6 4cos(2n-) 4
. + 2cos2u 4  

- 4cos q}1 - cos o4
)

Fq
( I - con q.I )

In the limit of q - 0, as for Raman

scattering, this is reduced to give

2 2 n2

2/n + 1/n2 1 (I - 2P 1 3 + p2/3

where the first teru I corresponds to

ICDPU1l2 of pure KDP and p, the ADP i-

purity concentration per unit volume.

"*ean i*le, we bave

T -T 2 2
T- T + 1IK

Tc O 10

and subetituti g F' for F we obtain

1/3 2/3T' - T - OP + BO , << I
c c

Pig. 2: Temperature dependence of di- Thus we can see the ferroelectric tran-

electric constant at f - I U~z; -(pure), sition teerature is reduced as ADP
x(O.13Z Alt)

impurity concentration P is increased,

as depicted in fig. 2.

References

1. A. D. Bruce and B. A. Cowley, Adv. In Phys. 29, 219(1980).

2. V. L. Ginzburt, A. P. Levanyuk and A. A. Sobyanin, Pla. Lett. C57, 151(1980).

3. K. H. lck and U. Thoat Z. Physik I31, 267(1977).

4. B. 1. Ralperin and C. M. Vera, Phys. Rev. 314, 4030(1976).

5. M. Scarparo, B. S. Katiyar, I. Srivastava, and S. Forto, Phys. Stat. 8o1.
(b)_90 3*(19T8).

6. 1. S. Katiyar, J, F. Ryan and J. F. Scott, Phys. Rev. 34, 2635(1971).

R. P. Leumes, So 1. Torlbers and Be C. Wong, Phys. Uew. 3_.0, 911(1974).

7. A. S. Barker, Jr. and J. J. opfield, Whys. Rv. 135, A1732(1964).

6. C. Y. She, T. . Dober, L. S. lW1I, and D. F. Idwrds, fhys. Rev. D_, 1647

(1972) and rereamm quoted tiareia.

N. Lasakoa and i. Z. C Wus, fhys. Mv. 310, 1063(1974).

t. K. K. Kobayeshi, J. Phys. Soc. Japn 4, 497(1966).

a. Ilic sad 3. Zeka, Adv. Is Wys. 21, 69%*1972).

10. T. Oguei, Torie of MWdt Spin Systems, invIted pqamr 1 - Korean Whys.

Sec. spring meti"(10O). See aUo 1*. $ Pew in J. rhyeiqu f
colloq. C6(1978).

-Xi, 'eft



JOURNAL DE PHYSIQUE

ColZloqu C6. suppZ~ment au n* 12, Tome 42, dicembre 1981 page C6-430

HYPER-RAt4AN SCATTERING STUDY OF FERROELECTRIC PHASE TRANSITIONS IN
SrTiO 3 AND BaTiO 3

K. Inoue and N. Asai

Department of Physics, Faculty of Science, Shizuoka University, 836 Ohya,
Shizuoka 422, Japan.

Abstract.- We have directly observed the "ferroelectric"f Eu and
A2u soft modes in SrTiO3 separately in a temperature range from
50 K to 4~.5 K by the hyper-Raman scattering method. Variation of
the respective mode frequencies with temperature is measured and
is compared to that or the dielectric constant. Further, it is
found that the intensity of hyper-Rayleigh scattering light
drastically Increases as the temperature is lowered till..4.5 K.

As for BaTiO3, the hyper-Rainan spectra in the cubic ohase
have been measured with special emphasis on the spectral profile
or the seemingly overdamped mode. The present result, however,
seems to contradict the existence of the soft mode.

1. Introduction.- All phonon modes classified into 3F lu + F 2 in the

cubi phae o SrTO ad BaTiO are not Ramsan-active but hyper-
Raman-active at the Brillouri zone center. In the tetragonal phase

X7 is
5.

IMci '

2V

I. am 5

parislan f wlith soli

lines )in ref. 4.

FaL. 2 Eaples of Stokes. Juper-
Wa-mn sectr inSrT:LO3.
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(D4h) of SrTiO3 below 105 K, the Eu and A2u soft modes stemmed from

the lowest P u-TO mode are still hyper-Raman-active. Consequently,the

hyper-Raman scattering ( abbreviated as HRS ) should provide a useful

tool for studying the "ferroelectric" soft mode, if any.

2. Experiment.- A standard Q-switched Nd3-+YAG laser was employed at a

repetition rate of 400 pps to excite the HRS at a level of peak power

less than 5 kW. The sample of SrTiO 3 was prepared in such a form as
allowing to observe the phonons having the wavevector cl parallel to
one of the crystallographic axes even in the multi-domain state below

105 K. The form of the BaTiO 3 sample is such that the phonons of cq
4100> or < 110> can be measured in the cubic phase above 1286C. The HR
spectra of both cases were measured in the right-angle geometry by

using a home-made detection system with a gated photon-counter.

3. Results and Discussion.- a) SrTiO - Examples of the unpolarized

Stokes HR spectra below 100 cm - are shown in Pig. l,where the hori-

zontal scale is plotted as the shift relative to the harmonic frequen-

cy of the laser 20g. It is found that around 50 K the soft modl starts

to split into two spectral lines,the separation of which becomes

larger as the temperature T is lowered. The higher- and lower frequen-

cies can be assigned to those of the A and E modes respectively, on
2u u

the basis of a comparison with HR spectra observed in the forward

direction. This assignment agrees with an anticipation by pressure-

induced Raman scattering. The result on the mode frequency, ,versus T

x €

2  0* 2-

to W: 70

*dmA-y Shift IC1

00 .. 1,i0' o ..

a Fig. i. Examples of hyper-Raman
Toupvana spectra for (S#4 100> in BaTIO

The inset shows that an overdiUped
1& 3. A plot of the Intensity Lorentsian shape ( solid line ) can
or -th hyper-Rmylgigh scatter- be fitted to the data.
Ing light, I2*versus T insr'ft0o3 .

.. . . .. . . . , ,, .. ' ; ...
*1 3
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Table I Comparison of Js and iaW In SrTiO3 Table II MWde frequency inBaTiO.( 16o"c)
present work anticipation in ref. 1 3

( 5.7 K ) ref. 3 ( 2K) ( 8.0K) mode u0 (cm- )

imode url' -1)A -1) W6) -1 d(I)-1 '10-1
-(an (cm ) 5-l 1 1

Eu  10.3 1.3 9.1 Tm 1

< 0.5 LO-2 462
A2u 19.3 0.8 19.1 (not split) TD-3 490

15.0 13.8 ID-3 713
(200 K) (230 K) F2u 312

is shown in Fig. 2. The spectral line-width A of both modes is found
to become narrower as T is lowered. Values at 5.7 K and 200 K are

shown as an example in Table I. A comparison of the result 06 versus T
with the existing data 4 of the dielectric constants Eq and FL. versus T

is made through the LST relation (Fig. 2). A considerable discrepancy

between both curves is recognized at low temperatures. However, the

present values at 5.7 K are very consistent with the deduced ones.
3

Next,it Is found that the relative intensity I20,of the hyper-

Rayleigh scattering light rapidly increses as T is lowered ( Fig. 3).
The inverse plot of 12 0 ,vs T resembles very much that of r recently

reported? indicating another manifestation of the quantum effect.
b) BaTiO - Examples of the HR spectra for c1#1i00r in the cubic phase

3
are shown only In a range below 100 cm-lin Fig. 4. Those are measured A

with all experimental conditions unchanged except the sample tempera-
ture. The phonon frequencies observed are listed in Table II. It has

turned out that the spectrum does not exhibit any remarkable variation
with T including the integrated intensity. Similar spectra are also
observed for cj/<110',phonon. From this evidence it follows that theexistence6'7 of the soft optic mode related to the cubic-tetragonal

phase transition might be negative in the present work. More detailed
study on this problem is In progress.

The authors acknowledge the partial support by the Grant-in-Aid
for Scientific Research from the Ministry of Education ( Japan ).
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DYNAMICAL STUDY OF PHONONS IN FERROELECTRIC LEAD TITANATE

R.S. Katlyar and J.D. Freire

Inetituto do Fieica, UIIICAJ4P, 13.100 Campinas, S.P., Brazil.

Abstract.- Lattice dynamical formalism using rigid ion model with long range
coulomb forces and short range axially symmetric forces has been applied to the
crystal of lead titanate in tetragonal phase. All zone center phonons and a
few zone boundary pboeons were used in determining the force constant Parana-
ters both at room temperature and close to T. by nonlinear least squares analy-
sis. The results indicate that the Ti-O short range forces are at least am
order of manitude larger than the Pb-C forces. Moreover oxygens retain an
effective charge of 732 of their free ion value, whereas titanium possess only
67 of their free ion charge. The eigenvector calculations of the lowest optic
nods of 9-symestry correspond to the prediction by Last. whereas in BaTlO3 the
computed eigeuvectors confirm the description of the soft mode due to Slater.
The parameters obtained, have been utilized to compute elastic and piesoelec-
tric properties of ?bTiO5 . The calculations of the zone centre phonons near Tc
reveal that the small anharonic forces could lead to the observed frequency
Changes.

The importance of lattice dynamics in studying the structural phase transitions

In cubic perovskite structures was first realized by Cochran.1 No work has,

however, appeared in literature dealing with the interatomic forces in tetragonal

phase and thej.r variations with temperature. Lead titanate is one euample of this

class and undergoes a ferroelectric-paraelectric phase transition at 493C, below

which the crystal symtry is tetragoaal (C'v) with one formla unit in the unit

cell. According to Shirean at al. 2 the unit cell structure wa be described by

placing Pb (K-1) at tm call oorneas, Ti (1r.2) at (*,*.u) and omyams (1-3,4,S) at

(*,Iv), (I,O,w), (O,J,w); -ee u - 0.541, v - 0.112 and w - 0.612 with

40 & 3.904 A and co - 4.15 A. Odeup theoretical mea'ysis for some centre pnons

s tbet the 12 optiel modes should be classified as follow.

l(ft,T,*O) a + 4 PMOl19,70)g,y .* S(*) s
. ubheerlpts z,ts demote she dislacemn directions of the io imchaded In

brftet. It the rld Ien formalis the potential wrlDv In ionic eystal asm be

writtem a the "a of shOrt ram& repulsive and law r s eselamb fores. er Ied

titante dosnder/m ion par potentials for all Ifteractiew fot dftsetces &an than

3.5 A, the short range part at pote tal Sar MW e h elaborated S follows

-* 13(. r j3 * 4 . 1 ,(i,,)-* 1.- 1 #2(r 23) .$21 t* 4 2 ,,(r 2 ,) +

*9g%(r l) + &4k(tas) (I)

.+.. ,+.... + -' '++.- V . , +' + p ..' - ' •: .
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where r' are second neighbor distances. Each short range potential is assumed to be

of axially symtric type. The potential miniam. equations were worked out in the

manner suggested by Katiyar. 3 These conditions were in turn used to compute five

tangential force constant parameters, namely, B139 B14, 823, 123 and B2.In order

to reduce the number of force constant parameters further we assumed that the radial

force constants may be Interrelated by Born-Meyer type of potential function," i.e.

A34, ' A4.5 e *_~r4r (2)

with similar relations for other A .K,. The constant abocan be related to n 0-0 In

Failing's potential function1, as follows:

obo- (no-o + 0/IR0 (3)
where R&- corresponds to the distance between the two oxygen. in contact. These

transformations allowed us to reduce the number of undetermined parameters to

eleven, namely, n~b_..O n~l_09 n0_0$~ A141 A23, &45, B11 131,, 5 Z Pb an Z. The

value of n 0- was fixed to 7 as given by Fauling and the remaining 10 parameters

were obtained by least squares fit to the zone centre phonons5 and a few zone

boundary pbonon*6 using the method suggested by Katiyar and Nathai * Reasonably

good agreement between the calculated and the observed frequencies was obtained

escept for AI(TO 3) phooon in which case the calculated frequency is 578 cm-1 whereas

the observed frequency was 646 cm1l. This and other small disagreements my be

due to the neglect of the polarisabilities of the ions into the rigid ion model.

The values of the best fitted parameters were used to compute the axially

symmetric force constant parameters and they are as follows: Ala " 19.25, A14

38.01, A14, - 6.94, A23 - 192.80, A23 - 46.89, A21, " 122.80, A34 - 4.85. A45 - 6.27,

31 2.62. B314 - 7.27, 5 , - -2.02, 523 - -25.10, 323 - -0.49, 324 - -14.31,

34- -1.38 ad B,,5 - -2.04; .11 In the units of e2/2v.

The parameters wbown above appear to be physically' acceptable. The large

values of A2 3, A23 ad A24, Indicates that there are strong forces between Ti and 0

iow., whreas the aqpgean-,ygen Interactions (A34,A. 5 ) are considerably weaker. The

ionic charge obtained for Pb ion is 1.695e and f or the oxygen ion is -1.456e. These

values msnest highy Ionic character of the crystal.

From the *I@= vector celculatiow the normal mode picture f or the soft mode

corresponding to ][(TO,) Is drawn In Fig. I . I. this mode both Ti and 0 ione move
against Pb iow. along x- or y-axis. Sid Ia movements occur in the soft mode

A1 (10 1) 'aloe widirection. This description of the *oft mode is in agreement with

the proposel, by Last$ for B410S.. We have carried out the above calcualat ion. for

801iO 3 as mUl ad the esigns vector calaaietims 1or the lowest "ipolar inode saggest
that bookbe end 0 hoe nove a asinst the Ti Ion along the principa axes which Is
In ageeent with doe picture propoed by Sister1 for 3421,02.

We hen als, adjusted our forme constant paamters to obtain reasonably good

mgremat between the observed G and the calculated frequencies close to the phase
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__Fig. 1: Normal node picture for ETl
mode ions have been projected on the xy-
plane.

transition temperature (- 493C) in PbTiO 3. The lowest optic mode E(TOa varies

from 88 cm 1- to 54 cm<- , whereas the lowest AI(TO1 ) decreases to 62 cma- from

147 cm- 1. A close look at the force constant variations reveals very small changes

in their values except for the parameters A24 , A34 and A4 5, whose values decrease by

about 20-301 near T . Perhaps relatively small anharmonic forces could explain suchc

changes.

The acoustic wave propagation in piezoelectric crystals has been discussed in

detail by Hlutson and White. 11 Following their approach we have computed

piezoelectric and elastic coefficients for lead titanate using the force fonstant

parameters obtained from phonon frequencies fit. The calculated values of elastic

constants are as follows (in units of lOl l N/N 2 ): Cll - 1.327, C12 - 0.846, C13 -

0.891, C33 ' 0.934, C44 - 0.801 and C66 - 0.927; and those of piezoelectric

coefficients are given below (in units of 10-12 C/N): d1 5 " 45.52, d31 = -15.07,

d33 " 51.00.

In above calculations we have used the values of ci1/c 0 - 125.6 from the work

of Frey and Silberman and C3 3 1o0 - 30.0 (dielectric constant along c-axis) as

reported by Shide et al. Unfortunately no single crystal measurements exist in the

literature to compare with our calculations. We have also computed these

coefficients for RtTIO 3 and except for C44 they compare well with the calculations

of Devonshire. 12
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PHONONS IN EXCITED RUBY

A.A. Kaplyanskii, S.A. Basoon and V.L. Shekhtman

A.F. Yoffe Physicotechnical Institute, Academy of Sciences of the U.S.S.R.,
Leningrad, 194021, U.S.S.R.

Abstract. - New results concerning the propexties of acoustic
phonons 0.87 THz in ruby are considered including (1) attenua-
tion and anharmonic scattering of ballistic phonons and (2) ki-
netics of resonance phonon trapping.

Resonance interaction of the 0.87 THz (29 cm 1 ) phonons with

9-M levels of Cr3+ ions plays an important role in many physical
processes in excited ruby. Investigation of these processes provides

valuable information on both the fundamental properties of the tore-
hertz acoustic phonons proper in crystals, and phonon interaction
with impurity centers. The studies have been carried out in .ve-al

groups /1 - 6/. be consider below the recent results obtuii-d - our
group.

1. Attenuation of the 29 cm 1 alistic Phonon.
Optical detection /2/ of the 29 cm -1 , TA and IA phonons propa- /f

gating ballistically in heat pulses /3/ was used for a quantitative

meuremnt of 29 cm -1 phonon attenuatiox in ruby with Cr concen-

tration C=0.O /7/ and C-0.001%. Measurements were perfomed at T=
1.8 K for different directions h-d (heater-detector) lying in the

crystal symmetry plane (v( 6 is the angle between the group veloci-

ty " and the axis C). The magnitude of mean free path T for the IA

and TA phonons depends essentially on the phonon propagation direa-

tion in the or plane. Fti.1 shows a T vs. 8 plot. When one goes

over from C=0.0 to C--0.O01%, the magnitude of T for a given 8 ,as

a rule, increases strongly. In a 0.001% saaple one observes weakly

decaying Lk aAd TA modes with T being far in excess of sample dimen-

sions, aakJn only a loweJ estimatel* 200 mm poasible. At the same

time for some LA Mode with smal T.-10 m the magnitude of T does

not change significantl7 with C.

The results indicate an extremely large contribution to T from

phonon scattering on the Cr ions and (or) aoompaniing defects. The

magnitude of T In low concentiation rubW gives the lower limit for

. . .. .. . . • " ', i>-! i '-~ " | i- '! '
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T' decay time of LA /8/ phonons. There exist both long lived 1A mo-
p

des with T 20 p and apparently also short lived modes with V

1 go (for the angles e under which the experimentally found T does

not depend significantly on C). The anisotropy in V is probably

associated with the elastic anisotropy of the crystal and the conser-

vation laws in the elementary events of LA phonon decay. Note that

theory gives for the decay time of the 29 cn- 1 LA phonons a value of

V P=4.6 s /9/ assuming the crystal to be elastically isotropic.

2. Decay of Mode-Averaged 29 cm-1 Phonons.

An attempt has been made to estimate experimentally the mode-

averaged phonon anharaonic lifetime by measuring the decay of the
whole 29 cm-1 nonequilibrium phonon ensemble in the crystal immersed

in superfluid helium (T=1.8 K). The conditions for the 29 cm" pho-
non escape from the bulk of the sample to its boundaries through

which the phonons eventually lose energy to the helium bath were con-

trolled. Beat pulses were injected from a heater h into cub-shaped

samples with edge 1=210 mm. The 29 cm- nonequilibrium phonon con-
centration was derived from R2 (t) luminescence pulses escaping from
a test volume - 0.5 mm, pumped with cw laser at extremely low power.

Fig.2 shows R2 (t) pulses mn a sample with 1=10 om, C=0.5% measured
with two dtectors, one close to h and the oter near the opposite

face. At long times the R (t) pulses ooinoide thus indicating the 29
c - 1 phonons to be distributed throughout ae crstal. The decay of

22 (t) at such times is exponential over 2.3 deca4ds o. &@ intonsity.
At L 3 mm the decay does not depend on the power and duration of
heating, while at m mm the decay to oonstnt only at Low power in-
puts employed in the experiment.

Fig.3 shows the dependence of decay time r on '. l qr the sample
with C,0O.O, ? - L (curve 1) which corresponds to the surface phonon

? ] -"tl ' I : 
? "

" ' il i ii i I
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decay in the ballistic regime, the decay rate being proportional to

the frequency of phonon collisions with the surface, i.e. 2- .

In the samples with C=0.5% the mean free path is T00.4 am, the pro-

pagation occuring by diffusion. The phonon escape to the surface is
L2slowed down (curve 2) and is determined by diffusion time T'

r(L) for a sample with C=O.% has a trend to sauration. This

might inply the existence of anharmonic decay of the 29 cm-1 p lonons

with a mode-averaged lifetime r -10 )&s. The comparison with T'
pp

for individual LA modes (Sec.1), might indicate the rather fast de-
cay of TA phonons in ruby at 1.8 X /10/. The above interpretation of
the decay time assumes that the kinetics of the 29 ani nonequilib-

rium phonons at least at the final stages of their residence in a

crystal is determined pri.marily by escape, anharnonic phonon pumping

being inessential.

I. I nhaRmoi §cttorind Of 14he 2 car BA"Stic Damo~n.
Phonon-phonon scattering plays an important role in physical

phenomena in crystals. As for the teraherts raW, we are awae of
only one unsucceful attempt /11/ to observe heat pulses in-action.
ie have succeeded in directly observing the nex1gi Of the 29 ca-

phonons with acoustic phonons of higher, fquense > 2 THa /12/.
Heat pulses 200 ns long are Wooted at 50 kHz fom the heater

into02 Cr ogystas at 1.8 X (Fig.4) * The 29on p-
none are optically detected on the opposite side of the sample with
a luminescence detector d. The line h-,, p a rall to the directi-

on of narw*t anod a fqcu;#ng. 10) it ftk phona In whyr. There-
fore the If" phOs p"p~ait ng balstlically along b-d ae fqcus-
sod and thus pwo4e the muJor coa bqtlon to thi nam, m4d straon
2 2 -IlainUMenoe pd&s 1(t) D&tuced in /1),14/. There is also heater
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h2 at the side face of the sample.

We have observed a decrease of the I(t) pulse amplitude in the
presence of the heat pulse from h2 which directly indicates scatte-
ring of the 29 cm7 FTA phonons by the phonons injected from h2. The
relative chang 61/I of the R 2 -pulse amplitude depends on the delay
t=t2 -tI between the current pulses through h, and h2 . The a I/I-t)
dependence is shown in Fig.4 where we adopt t 1 =0 and the moment t
of passage of the ballistic FTL phonons past h2 is specified. At de-
lays t >t the effect naturally disappears. For t< 0, when the heat
pulse from h 2 is emitted long before the injection of 29 c " pho-
none from hi, the A1/I signal decays slowly with It,. This indi-

cates that the effective screening phonon cloud injected from h2 de-

cays very slowly (with f -3 ps).
The delayed kinetics and observed localisation (4 0.3 ma) of

the screening cloud near h2 demonstrate that the 29 c - 1 Ift phonons
are seattered by high frequency phonona wv 29 cm, which leave
the near surface region-slowly because of Rayleigh scattering /15/.
This conoolusio agrees wit the strong frequency dependence ( w4)

of the processes, TA(29)+*I(W) -.. ,( +29), and ,A(29)+TA(w) .A
(W +29) which are appa±dently responsible for the observed escape of
the 29 mi ' M iphonons fromthe ballistie mode. Knowing the FTA pho-
non transit tie e.15Jis paA h,2 &,Mthe magnitude o their damping
(-'5%), one oad evaluateTAp' honon saezing tim as f 3 pa. Hence
th* 29 8 *1 phonol aualmonic lifetiso near the heat inector is do-
tramd not only by decay but uls6 br serging ofi6h 10 mayeva it-

Bl A 2m ! pbalton resonance ai /,
46 lsName XnIuM& ot She 2 cl 819WAn.

T*trapping of aq29cm Pbonz01 t in uited rukq /1.' in due -to
Mba mitPe £s.obaike scattering 1nfb1Y1* thoe' t levels of the

Cr3+,-M~g"M 21state. fhe Main Itaioprtelm f

jI__N_ 
_

___ __ __ ___ __ _ ___ __ __ ____iii~
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trapping is the 29 cm - phonon residence time in the pumped volume

which can be determined experimentally in two ways. In kinetic expe-

riments /2,5/ one measures directly the tailing time V1 of the R2 (t)

luminescence pulse induced by a pulsed injection of 29 cm
1 phonons

into the volume. In stationary experiments /4/, measurement is made

of the population I of the electronic N level from the intensity of

the R luminescence lines, q =R2/Rl, under conditions of trapping.

The magnitude of q is connected with the effective lifetime O-W of

the M level, =p/ Z'R, where p is the quantum yield of 29 cm-1

phonon generation in an optical excitation event (p *O03 /17/); rR

is the radiative time; T -1 no /17/ the spontaneous R level life-

time; M the number of scattering events in the time the generated

phonon spends in the pumped volume. Obviously, Ci A r0 , since rl,
in contrast to V0, includes intervals of free phonon transit bet-

ween scattering events.

In the present work, the times r1 and t" were measured in one

experiment in the same pumped volume of a ruby crystal with 0.02%

Cr3+ with a given concentration N* of Cr3+ metastable ions.

(a) A pulsed copper-vapor laser (A =510.5 nm, 578.2 nm, repeti-

tion frequency fW10 kHz, energy 2x1O_ J, pulse duration A t-20 us)

creates in the crstal an excited volume d-a1.5 m. Since f-4c -,.

the concentration N is almost constant, the role of an individual

Cu-laser pulse being reduced to the injection of 29 omn nonequilib-

rium phonons in E * I transitions. the resulting pulses exhibit an
exponential decay fro which one could derive r. The time ro was
determined from the time averaged relative intensity q =R2/R1 .

7i.5 shown the dependence of tI and V0 on the average laser power

P. the aurves r,(P) and Vo(P) approach one another with increasing

P exhibiting a clear tendency of crossing.
(b) The crossing of r(P) and TO(P) (at large w was observed

in emporiusaft with two lasers in an arrangement close to that of

ef,/5/. A steady-state concentratiOn N was produced with ow Ar-la-

sor (PNo.10.*84, dov3 )* A nitrogen laser beam,(fa0 Ha, at=15
ps -, e eA 1(0j) was focused. on the same spot. e N271ader

generates pale" of 29 G" 1 pmrbe Vbnom which induce R2 (t) pulses.
The deay at R2(V) yields V1 the Isime-a gs ,, d value .being It P-^/X
- ro.Ste i(P) and V6(P) tfts oan at 7o.3 Wi, %o eudit r.-

at No.8 W W, a faetr W1 'thre. Wte tbt t# bshwror O * tOf (P)
a" e(P) a In .reI e (a)YWmd (b)"is similar to the on
/Is inSIA ft 01se -fo 5, 1 andate stoiftastd
^061.

-. *1 -i v 0.1
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Pig.6 shows that at concentrations N < 1018 c- 3  T-l > V0 in
full agreement with above. Thin interval of N includes: (1) a regi-
on of weak trapping where 'O-TN'2d2 /16t18/ end the phonons escape

from the volume by spatial diffusion typical for the "resonnoce flu- I
orescence" trapping in purely elastic phonon scttering_ /19,20/; and
(2) a region of moderate trappingwhere a combined mechanism invol-
ving spatial and spectral diffusion sets in /20/, for which o (D
T)- /2i d r /21/, where D:, is the peo.tral diffusion coefficient of
electronic excitations, 4 r 10 am is the resonance scattering
cross section (Df) does not depend on N*).

In the strong trapping region one olerves an.omalou ratio,

r., < o The "k~netic" time r, exibits a tendency to saturatiou at
a level of 1*,3 Pa, the 'steady-stgte' time V" coatiwng to 'grow ra-
pidly (in ref./W one, observed ,V10- which corzespaM, to ro -
100 p ). This inconsisteaq (Poited0ou t earlier /22/) joses toe
question of which of the times, r"I or Vi the "tMe" t appiagtime
c0repn4,4 to real =me of satt tp1a events, No Generally

spekigthe ls4ge v4Ma -of 'o ay bae.^ttztibute4 to the feed!n
of tie Z no"s by the best;Lng aoosoae ~a pkiesi .o4itatiR
ht thi S w s on would 1104 tot Vp to *,U of; the 044r 1 .
8tokes losses (-50&0 om-) in emh optical e .citato event can O
vert as a result of anhatmnio processes into a narrow (-0.02 cm"-)

I~~ ~ _____-
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29 ca - 1 mode which is hardly conceivable. Among the facts that are

at variance with this suggestion ares a strong resonance dependence

of q on magnetic field, dependence of q only on the characteristics
(Nd) of the pumped volume rather than on sample size. Quite to the
contrary, these facts agree with the conclusion that the "true"
trapping time is connected with the large M corresponding to experi-
mental time V0. The disproportion between V, and V my be due to
the essentially nonexponential kinetics of R2(t) which, besides the
short-lived microsecond-scale component exhibits also a long-lived
tail. The existence of a tailing decay in R2 (t) in the millisecond
range was mentioned in ref./22/.

Fig.7 shows the results of a special study into the nonexponen-
tial kinetics of R2 (t) lumlnescence excited with Ar-laser, its beam
chopped mechanically for a time At=1 ts at a frequency of 200 Hz.
Since at <?R, at the times when optical excitation is interrupted N
decreases insignificantly (by -2C%) whereas the generation of the
U-7 phonons stops completely. The time profile of R2 (t) for samples
with C=0.02% and C--0.5% shown in Fig.7 for P=21 reveals sections of

j rise and decay, each being characterized by a fast (microsecond-sca-
le) kinetics in the beginning with a subsequent slow (millisecond-
scale) variation. The time of the slow exponential decay does not
depend markedly on C, t0.4 as, its initial amplitude constituing
15% of the plateau level at C--0.5% and -1% at C=0.02%O. The R2 (t)
profile does not change over a wide range of N (P) variation, the
magnitude of '? being practically independent of N . The short time

of rise and decay is close in magnitude to V. observed in pulsed ex-
perinents /2,5,16,22/ and exhibits a similar dependence on N and C

(when going over from C=0.02% to 0--0.5% it decreases for large Nj
foa 3 P to < 0.50 s).

In the interpretation of the results obtained: account should

be taken of the fact that under conditions of efficient phonon trap-
ping scattering processes of relatively low probability masy come in-

to play in the pumped volume. In particular, the scattering proces-
son which, while not leading to an irreversible disappearance of the

29 cm- phoon, result in their being maintained for a long time in
an optically inactive state, are responsible for the specific dyna-
mics in the onset Of equilibrium between the "ordinat" and "tailine"

The observed two-component decay of Rat) after the removal of pum-
nain idiAtat the, aw ioaulrole omesmeuoe feeding of the

eby nod" b wM of ptical heating (or, for instamae, ooperea-
tive processes of X3-amUi e aemlatoea /2W which have In prin-
ciple millimeoM-aeale kin tics).

- -.
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resonance phonons, which is what brings about the essentially nonex-
ponential kinetics of R2(t). Among probable are the following maecha-

(a) Inelastic 29 cm- 1 phonon scattering involving transfer of elect-
ronic (23) excitation between the Cr + ions /22,24/ which produces,
as a result of repeated scattering, spectral redistribution of the
29 em- 1 phonons within the inhomogeneous width of the R 1-line. The
delay Is connected here with the mean free path of the olf-resonance
phonons being Atch larger than that at resonance (but less, at high

N, than beam sise d, which makes possible rescattering).
(b) Coherent resonance transfer of electronic excitation to several
ions thus creating a collective 27 -state /25/ is in principle con-
cosvable, provided no phase relaxation of the electronic states oc-
cur. Phonon scattering accompanied by such an energy transfer in in-
termediate collective state could, generally speaking, exhibit a

sufficientl large "electronie" talling.

References

/1/ S. Geschwind, G.E. Devlin, R.L. Cohen and R.S. Chinn : Phys. Rev. 137, AI087,
1965.

/2/ K.F. Rank and J. Deisenhofer Phys. Rev. Lett. 26, 764, 1971.
/3/ A.A. Kaplyanskii, S.A. Basoon, V.A. Rachin and R.A. Titov. Pisma JETP 21, 438,

1975
/4/ 3.1. Dijkhuis, A. van der Pol and H.W. do Wijn : Phys. Rev. Lett. 37, 1554,

1976.
/5/ R.S. Meltzer and J.Z. Rives : Phys. Rev. Lett. 38, 421, 1977.
/6/ A.P. ibraaov, I.N. Abranva, l.Ya. Gerlovin and I.K. RazuMova : Pis=a JETP 27,

3, 1978.

/7/ S.A. Saoon and A.A. Kaplyanskil : Fiz. Tverd. Tela 22, 3500, 1980.
/8/ G.L. Slonimski t JE3 7, 1457, 1937.
/9/ W.K. Dron : Phys. Rev. B21, 2627, 1980.
/10/ D.s. Bulyanitza : Fiz. Tvard. Tela, 1982.
/11/ M.S. Rtbbanft and D.V. Osborne 3 J. de Phys. C4-119, 1972.
/12/ S.A. Basoon, A.A. Kaplyanskii end S.P. Feofilov Pisae JETP 34, No.5, 1981.
/13/ A.V. Akiuov, S.A Aasoon, A.A. Kaplyanskii, V.A. Rachin aid R.A. Titov : Pm

Jiwv 25, 491, lti7.
/14/ A.A. Eaplyansh i, V.A. Rachin, A.V. Akimov and S.A. Basoon - Fix. Tverd. Bela

23, 488, 1961.
/15/ 3.3. Bros and N. Grill : Phys. Rev. U6, 5303, 5315, 1977.
/16/ A.A. 9*lyAnkil, S.A. Baon and V.L. Shekhtuan in "Light Scattering in solids".

P of. of Sym osium M-SI N.Y. 1979, V.9S.
/17/ J.3. iives-d R.S Meltzer : Mtys. Rev. P16. 1808, 1977.
/18/ J.1. ijkhul ahda U.N. de Wijn : Ph". hv.B20, 1844, 1979
919/ V.A. malymbev and V.L. 21lkhra, VLz. Tvett. Ile 20, 2915, 4976.
/20/ 1.B. Levinso : 4M 75, 234, 1978.
/21/ V.A. lllyshev and V.L. Sh*M.tfn : l~ivate oamibcation.
/U/ ILA. 12:01, J.2. NKes aad N.C. Z t : to be pdblighed.
/23/ F.P. Feafilov t in "Physics of Iqpurity t:tmw In Ctystaeis, 2e:Un, t972

1.559.

//3. Maden ftf~me t:b in. iftl, 1 1, 280, 1970.

.5- ---



JOURNAL DE PHSIQUE

Coiloque C6. auppUment aus n*12, Tom 42, ddaanbre 1981 page C6-447

PHONON SPECTROSCOPY OF THE ELECTRON-HOLE-LIQUID

W. Dietache, S.J. lKirch and J.P. Wolfe

Physaics Deprwnt and Mterials Research Laborator'y, University of Illinois
at Uvbama-Chowtaigw. Urbana, IL. 61801, U.S.A.

Abstract.-We have observed the 2kF cut-off in the phonon absorption of
electron-bole droplets in Ge and measured the deformation potential.

Photoexcited carriers in Go at low temperatures condense into metallic drop-

lets of electron-hole liquid (UtL). 1Theme droplets provide a unique, tailorable

system for studying the electron-phonon Interaction in a Fermi liquid. The inter-

act ion of phonons with EHL was considered theoretically by Keldysh2 and has been

studied experimentally using heat pulses. 34In contrast, we have employed mono-

chromatic phonons 5to'examine the frequency dependence of the absorption over the

range of 150 - 500 GH * The conservation of momentum and energy in the electron-
phonon scattering process Implies that only phonons with wave vectors up to twice

the Fermi w ave vector are absorbed -- leading to a '2k,1 cut-off. One unique feature

of the electron-bole liquid is that kF can be changed by applying crystal stress, a

feature which we hava exploited.

The inset in Fig. 1 sbows our experimental set-up. Two superconducting tunnel I
junctions, a PbBi generator (G) and an Al detector (D), ware placed on opposite feces

of the ultra-pure Ge crystal near one edge. A cloud of MMt droplets was created

at that face using a cv Rd: YALG laser (A - 1.06u). The position, size, and shape

of the cloud was determined by directly imaging its recombinat ion luminescence. 6

We studied phemenA propaating in the [1111 direction, and found a measurable

absorption only for longitudinal phonons (LA). In the [1111 direction, pluon

absorption is expected to be dominated by the single (1111 valley, because all the

other valleys (and the boles) have such smaller cut-off frequnies. Application

of stress along the [1113 direction gradually depopulates the 11111 valley.

This leads to a reduction of kF along 111]1 and tbae to a reduction In the cut-off

frequency of the phenons.

Tao LA phones spectra taken at zero stress are sheen In Fig. 1.* The

frequency is varied by sweepin the generator bias voltage. fhile the smnchromatic

signal is provided by an additional pulse modulation. Itim of flight separation

alloved resolution of the different modes. Two features ware typical of all the

data: a rise In Intensity which begins at 150 s2 (.11) due to the detector

threshold sd a decrease which and* at 530 Ms (P2) due to isotope scattering.

*ftewat address :Physik Departent, TU IMsehem, PL.R.

24 M.Y. E
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Fig. 1: Phonon signal vs. frequency,

-.-_ mzero stress.
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Between F1 and F2, the signal consists of a monochromatic part and a background.

This background is a commn feature in tunnel-junction spectroscopy and is

attributed to 2A-phonons and inelastic decay products. Below Fl and above F2

only background phonons are detected. Between F1 and F2 the background will lie

between the interpolations (1) and (2) as inferred from earlier spectroscopic work.
5

The actual cloud-on and cloud-off phonon intensities can now be compared. Assuming

a phonon absorption of the form I - I exp (-d/1), where d is the effective FHL

thickness and 1 is the absorption length, the resulting d/1 are plotted in Fig. 2a.

The ends of the error bars indicate the results obtained by using the two alter-

native backgrounds. A similar procedure led to the plots in Fig. 2 (b) and C)

for two moderate stresses.
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The dashed lines in Fig. 2 are fits to deformation potential scattering theory

following the procedure of Convell. 7 The theoretical cut-offs are rather broad

because the sound velocity is comparable to the Fermi velocity in the EHL. The

frequency dependence of our data agrees remarkably veil with the theory. At zero

stress the experimental cut-off was obscured by the isotope scattering. At

increasing stress the cut-off is observed to move through the experimental

frequency range.

An effective thickness, d =1 1 m, was determined from an analysis of the

imaging data. This value is sufficiently larger than a typical droplet radius of

about 2 iUa. With this value of d, the absorption data of Fig. 2 yield the defor-

matior potential 2 2 ( + ) 2 . (15 +15) eV2 independent of stress.
d 8

Our value of the phonon deformition potential is close to the static deformation

potential, 8 49 eV2 for single electrons in C. In contrast, a recent theoretical

prediction9 for the screened electrons in the EEL yielded 149 eV.

In summary, by using the method of phonon spectroscopy we have obtained the

first experimental measurement of the phonon deformation potential of EHL in Ge

and demonstrated a fundamental property of this Fermi liquid -- the 2k, cut-off.

This work was supported by NSF under the MEL Grant 1MR-77-23999.

REFERENCES

1. T. N. Rice and J. C. Hensel, T. G. Phillips, and G. A. Thomas, Solid State

Physics 32 (1977).

2. L. V. Keldysh, Pis'sa Zh. Eksp. Teor. Fiz. 23, 100 (1976) [JETP Lett. 23, 86

(1976)].

3. V. S. Bagaev, L. V.Keldysh, N. N. Sibeldin, and V. A. Tsvetkov, Zh. Eksp. Teor.

Piz. 70, 702 (1976) [Sow. Phys. JETP 43, 362 (1976)].I

4. J. C. Hensel and R. C. Dynes, Phys. Rev. Lett. 39, 969 (1977).

5. H. Kinder, Z. Phya. 262, 295 (1973); H. Kinder and W. Dietsche in Phonon

Scattering in Solids (L. T. Challis, V. W. Rampton and A. F. C. Wyatt, ode.

1976), p. 19.

6. M. Greenstein and J. P. Wolfe, Phys. Rev. Lett. 41, 715 (1978).

7. 1. M. Conwell, Sol. State Phys. Suppl. 9 (Academic, N.Y., 1967).

8. K. Nuraes, K. hjiouji, and 1. Oteuka, 3. Phys. Soc. J . 29, 1248 (1970).

9. 1. S. Narkievics, ?hy@. Stat. Sol. 383, 659 (1977).

-. .- ,.



JOURNAL DE PHYSIQUE

Col oque C6, supplment au n 0 12, Tome 42, ddcenbre 1981 page C6-450

STIMULATED EMISSION OF TUNABLE HIGH FREQUENCY PHONONS IN LaF3 :Er
3+

D.J. Sox, J.E. Rives and R.S. Meltzer

University of Georgia, Athens, GA 30602, U.S.A.

Abstract. We describe a case of stimulated emission of high
frequency phonons (-0.2 THz) using optical excitation to invert
the population of a pair of Kramer's states split in a magnetic
field. The phonons are tunable with a magnetic field and the
populatioiA inversion exists sufficiently long for phonon propa-
gation over macroscopic sample dimensions. Analysis using rate
equations suggests preferential emission along the axis of the
optically excited volume.

Stimulated emission of high frequency (-1 THz) phonons has
recently been observed in Al 20 3:V 4+[ ] and AI203:Cr3+[22 3* nd A 203:C [21using optical
excitation techniques and superconducting bolometer detection. In
these systems the spin-lattice relaxation time for the electronic
levels responsible for the phonon emission is very short (T1 < lns).
In this paper we present evidence for stimulated phonon emission in

LaF3:EE3+ at -0.2 THz which differs significantly from these0.1t
earlier works in that (1) T for the present system is much longer
(1-100 ms) allowing propagation of the phonons over macroscopic dis-
tances during the population inversion, (2) the phonon frequency is

readily tunable from -3-20 cm- 1 (0.1-0.6 THz) with a magnetic field up
to 85 kG, and (3) evidence for the stimulated emission is obtained
directly by monitoring the populations of the electronic states reso-
nant with the phonons.

The lowest 43/2 component of Er3+ is split in a magnetic field
along the c axis as shown in Fig. 1. Level b is selectively excited
with a Nd:YAG pumped tunable dye laser creating a population inversion
relative to a. The system relaxes via single phonon emission at the
energy difference between states b and a. The excited state popula-
tions are monitored as a function of time from optical emission C or D
to the upper ground state component.

T1 was first measured at several magnetic fields using small

energy (50 ) excitation pulses and was found to be consistent with
the work of Wolfrum, Lanzinger and Renk [3). The decay at 20.2 kG is
exponential as shown by the solid curve in Fig. 2 with a decay time of

2 '" - '-- ", P- _ A" -
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Fig. 1. Partial energy level diagram of Er in LaF split in an

external magnetic field. Stimulated missign of phonons
occurs in the b a relaxation of the S3 2 (1) state after
selective excitation of state b. Also shown is the
experimental geometry.

46 Us. Under conditions of much higher excitation pulse energies,

non-exponential behavior was obtained as indicated by the dashed

curves in Fig. 2. In these experiments the laser was focused to a

-1.5x2 m rectangle, exciting a 5 mm length of crystal. The non-expo-

nential decay of the upper state exhibits the following characteristics.

(1) There is a noticeable speed-up at early times followed by (2) a

slowing down of the decay at long times (t > T I ) with both effects

becoming more pronounced at higher excitation energies. (3) The cross-

over between the region of enhanced and reduced decay rates always

occurs near saturation and (4) there is an initial delay period
(t<<TI ) during which the decay proceeds at a rate -T before the
enhanced decay takes over as can be seen in the insert of Fig. 2.

Similar observations follow from data taken at 28.5 kG.

S20. 
kG '0 

m_ 0 -. I M3i

Fig. 2. Time development of the intensity of transition C as a
functi0o of excitation energy on a l.5x2 nn a'ea of 0.1%t
LaF3 :ErJ +  Te insert shove the 3.5 uiJ data on an expandedj time scale.

•~ ~ ~ ~ ~~~M OA || -..



C6-452 JOURNAL DE PHYSIQUE

The time evolution of the excited state populations was analyzed

with rate equations for the two excited state populations and a rate

equation for the resonant phonon occupation number P. These equations

depend upon the parameters Ti, the resonant phonon lifetime Tph, and

b=N*/Z, the ratio of the number density of excited ions to phonon

modes in the excited state resonance width. The rate equations yield

an initial decay rate (l+p)T 1 . Immediately after excitation of the

upper state, p. 0 since the sample temperature is 1.5K yielding a rate

T1 . However, when b>>l as in the present experiments, becomes >l

leading to a decay rate enhanced relative to T 1 where p is strongly

time dependent and its maximum value is proportional to Tph. Finally,

after the population inversion is lost, the decay proceeds at the

reduced (bottlenecked) rate (T1 + (l+b)Tph)- . The enhanced rate

results from stimulated phonon emission and was termed the phonon ava-

lanche by Brya and Wagner [4] in their work at much lower frequencies.

From a quantitative analysis of the data using the rate equations we

find that Tph is limited predominantly by the ballistic time of flight

across the excited volume. During the population inversion the fitted

Tph is approximately the axial propagation time whereas after satura-

tion it is close to the radial propagation. This implies the

existence of preferential stimulated emission along the axis of the

excited volume. The analysis yields a resonance width of 25 MHz and

an estimate of the gain for the system of up to 10 mm- 1 for easily

obtained excited ion concentrations (1017 cm- 3 ). Considering the long

duration of the population inversion, during which time the phonons I
can propagate over macroscopic dimensions, this system offers

considerable potential as a coherent phonon source of high frequency

phonons.

*Work supported by the Army Research Office, Durham.
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PULSED RAMAN MEASUREMENTS OF INHIBITED ELECTRON-PHONON COUPLING AT HIGH

PLASMA DENSITIES IN SILICON

A. Compaan, H.W. Lo, M.C. Lee and A. Aydinli

Department of Physics, Kansas State University, Manhattan, Kansas 66506, U.S.A.

Abstract. -2A 15 nsec duration, frequency doubled Nd:YAG laser at power densi-
ties near 1 J/cm has been used to create high plasma densities in silicon at room
temperature. Phonon Raman scattering generated by a delayed 7 nsec dye laser probe
pulse shows lattice temperatures far below the silicon melting temperature of
1412 0C. The results suggest the presence of a dense-plasma-induced phase transi-
tion with a greatly inhibited electron-lattice coupling.

For laser energy densities of 1 J/cm2 at A = 532 rinm in silicon the absorbed
photon density at the surface is -2 X 22  , assuming that the normal room

temperature absorption coefficient is unchanged. Most absorbed photons are expect-

ed to create electron-hole pairs across the energy gap and thus photoexcited carri-

er densities well in excess of 1021 cm may be expected for nanosecond duration

* laser pulses. This is a density regime far beyond that which is accessible, e.g.,

in the study of electron-hole droplets in silicon and is a regime where many

unusual effects may be expected. The range of power densities near 1 J/cm2 is also
appropriate for laser annealing of ion implanted silicon and it has been widely A
believed that this annealing is effected by melting of the surface layer and

rapid epitaxial recrystallization. A simple calculation using the specific heat

shows that the deposited energy should be sufficient to melt the silicon provided

the energy is immediately thermalized to lattice system. Furthermore the occur-

rence of a transient reflectivity rise to a value close to that of (metallic) mol-

ten silicon circumstantially supports a melting hypothesis (see Fig. 1). However,

we have perfonmed two independent measurements which show that the normal equill-
brita molten state is not produced under these circumstances. The first is a
transmission measurement which shows that the extinction coefficient in the near

IR is far below that of molten silicon.1  The second, a measurement of optic phonon
occupation factors by Raman scattering,2 shows that the peak lattice temperature

rise can account for only a small fraction of the deposited laser energy.

The optical transmission data were obtained using for excitation a broad band
N2 - pumped dye laser focussed to 200 m diameter and for probes either a He-Ne I
laser (x - 1152 nm) or a second pulsed dye laser focussed to -30 um diameter. The

time-resolved transmission through a 0.6 m thick silicon-on-sapphire sample is
shown in Fig. 1. The transmitted signal displays primarily the effects of the

reflectivity change with little absorption apparent.
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Fig. 1. Time resolved reflectivity (R) 
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and transmission (T) of 0.6 um SOS for
1152 nm probe. Peak of the 8-nsec exci-
tation pulse occurs on the first hori- lol I
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Fig. 2. Induced absorption coefficient
(dots) measured 25 nsec after pulsed
excitation and compared with the curves
for amorphous and crystalline silicon.

The spectral dependence of the extinction coefficient was obtained with the

tunable pulsed dye laser (7 nsec pulse) delayed by 25 ns (Fig. 2). The data show

an abrupt increase in absorption above -1.1 eV which is directly contrary to that

expected of any metallic state which should exhibit high extinction coefficients

for all energies below the plasma edge. We have recently demonstrated, via a

direct Kramers - Kronig analysis that the absorption shown in Fig. 1 is sufficient

to explain the reflectivity rise seen in the inset.

Raman measurements of phonon occupation factors were performed using a

similar excite/probe configuration. In our most recent measurements we have used

a frequency doubled Nd:YAG beam (k = 532 nr) focused to -mm on the sample and a

x = 405 nm Raman probe pulse focussed to 250 jim diameter with a variable electronic

delay. Figure 3 shows the optic phonon temperature as a function of probe delay

for an excitation energy of 0.8 J/cm 2. Note that the peak temperature observed

immediately after recrystallization is completed (110 nsec) is less than 4000C.

The cooling behavior is consistent with that expected of a thin surface layer using

the known thermal diffusivity of crystalline silicon at these temperatures. How-

ever, we find no observable Raman line during the period of hi Ih reflectivity (-10-

80 nsec); I.e., any sharp feature between 200 cm"1 and 700 an- must be less than

5% as intense as the usual Raman line at 520 cm. .

Since Raman scattering intensity in a semiconductor is directly proportional

to the square of the electron-phonon coupling strength, this lack of Raman signal

is consistent with a greatly reduced electron-phonon coupling. This observation

... . _ . . . . . .... . . .
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Fig. 3. Temperature rise vs. probe pulse delay.

would also explain the slow rate of energy transfer from the photoexcited carriers

to the lattice. It is also possible that under intense excitation a structural

phase transition occurs to a disordered, possibly fluid, state.3  In this case only

a very broad, density-of-states Reman spectrum would be expected which could

easily be two orders of magnitude less intense than the usual sharp Raman line.

However such a disordered state could not be the usual molten state of silicon

since Fig. 2 shows the optical properties to be much different and Fig. 3 shows

the peak lattice temperature to be far below the 1412C melting point of silicon.
In either case we believe the low lattice temperature immediately following

the high reflectivity phase gives strong evidence that the usually fast (-1012

sec 1 ) electron-lattice relaxation has been inhibited. Ie suggest this may

arise from screening effects of a dense photo-excited plasma on the deformation

potential carrier-lattice coupling which prevent rapid energy transfer to the

phonon system.
3
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THE EFFECT OF LATTICE STRAINS ON THE ACOUSTIC RELAXATION LOSSES IN

DIELECTRIC CRYSTALS DUE TO MAGNETIC IONS

P.J. King

Department of Phye ice, University of Nottinghan, University Park, Nottingham
ZIG? 2RD, England

Abstract:- Recently Information on the lattice strains present at Fe2+ sites
in lMg?3 has been obtained from electron spin resonance linewidth data.
The use of this data in an empirical model previously used with success on
Fe2+:Xg0 shows that this model also gives an excellent description of the
acoustic relaxation losses in 7e02 :KgF3. In order to place this empirical
model on a more sound theoretical footing a theory of relaxation losses in
multi-level systems based on the rate equations for the population of each
level has been studied. The empirical model results only If simplifying
assumptions are made and the implications of these are described.

Acoustic relaxation losses occur when the strain of an acoustic wave

modulates the energy levels of a s;rstom such as that conslnting of a number of

magnetic Ios embedded in a dielectric lattice. The dynamic repopulation of the

levels of such a syste, results in a loss to the acoustic wave. For a two-level

system the form of the lose a is:

G 
2  t -

Oi - constant .-- j-
vkT I +

where w is the acoustic angular frequency, v is the acoustic velocity, 0 is a

coupling factor related to the energy level shift per unit strain and T (T) Is the

relaxation time. It may be shown that the expression for a n-level system reduces

to the sm of n - I such expressions above. Random lattice strains influence the

magnitude and acoustic node dependence of 01 via their effect on 0 and o T, and

recently a successful treatment of the offect of strains on the relaxation loss

due to the Jahn-Teller ion *i3+ in the A12 0 3 lattice has been given
2+It Is interesting to study To in cubic environments such as those provided

by VU0 or lgFtV since quite different acoustic relaxation behaviour is found In

the two systems 2 '3 4 . In W the acoustic loss of T2  ynmetry modes i mueh

weaker than the predictiois of a strain free model would suggest, while in 1gF 3

it t the I-synmetry modes which are experimentally less attenuated than on such

a model.

An empirical model de to King and Monk2 '4 treats the effect of lattice

strains by coesidering a single two-level expression for the thre-level ground

state but with a coupling factor 02 - (01 - 02)2 + (a2 - 03)2 + (03 - 01)2 where

*.'J* .,..q~ 4
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G1 , 0 2 , G3 are the shifts In the energies of the three ground state levels due to

a unit acoustic strain in the presence of a much larger static lattice strain.

Factors which represent reductions in the unstrained values if G2 were computed

as a function of the ratio of a mean compressional to a men shear lattice strain,

using the known form of the Namiltonlan.

The anisotropy of the electron parmagnotic resonance linewidth gives a

measure of this ratios and for Fe+ :gO use of the empirical model then gives

excellent predictions of the acoustic losses experimentally observed. Recently

Griashaw has measured the anisotropy of 'the Fe + electron paramagnetic resonance

linewidthe for Me g 3 . The anisotropy is very different from that in EgO , but

again use of the empirical model gives very good estimates of the acoustic

relaxation losses of the various acoustic modes.

In order to understand why this simple empirical model Is so successful a

treatment of the acoustic relaxation loss in a n-level system has been developed
2+ I7and then applied to the Fe ion . This treatment uses the driven rate equations

for the populations of the n-levels. The energies of the n-levels are displaced

by the acoustic wave, the dynaic repopulations may be calculated from the rate

equations, and the overall loss derived. This involves solving the equations:

hi i I  rpri -i E Pir
I r r

for the ni and then obtaining the attenuation from the expression:II

8. s I(mi).G [

In these equations N0 is the thermal equilibrium population of the i level, I

Is the dyemmic deviation from the equilibritm which would be obtained If the

levels wer frosen in energy at a particular instant in time, and the Pi are the

probabilities of transitions between the Ith and jth levels per unit time. The G
mare linearly related to the Gi of the empirical model. This treatment gives the

II
usual expression for a two-level system and for a three-level system yields:

CL Cc 2 2 2 iw2{pl~ou _G0A)2 + p(0,, 0j2+P(1L_0,2
CO + YI ( + -2

+ (P Ip2 + p 2P3 - Pl){P[l"r" - _ 0 2 1 +1 ) +

(Gi - OP)] + P(; - G a)2 + (a; _ G)2i1}

where P1 = P etc and ar em combinations of Pi. The abov expression

which an be decomposed into two, two-level expressions, has to be amsed over all

tons. Since eash ion has a different strain each has in general a different set

-Sol. • ".7" II
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of Giand PI. It, however, we suppose that the Pi are equal then the above

expression reduces to the empirical expression and the two relaxation peaks

coincide.

We note that experimentally the relaxation peak is observed in mge and

EMgI 3 in a region where an Orbach torn Involving the first group of excited
2, ,

states dominates the relaxation . A single peak Iv observed In each case,
the form of which gives a good prediction of the energy of the excited states

(EgO, 110 cm , EMW31 96 am ). This would not occur were It described by the
aum of two different two-level expressions and the single peak Is consistent with

the P being equal. To it true then that all the PIare equal or are !.iere anot-

her net of simplifying circumstances? Rough calculations suggest that although
the P . will have the same temperature dependence they are not closely equal in
magnitude.

We note that the rate equation method is equivalent to ignoring the of f
diagonal elements in a density matrix formulation such am that by Isawa eat al.
The use of thle rate equations assumes that T 2 relaxation times are much shorter
than T Irelaxation times. At the temperature at which the relaxation peaks are
observed this approximation may not be strictly valid. The general expressions
for a three-level system Involving such terms are, however, very complex and

difficult to handle. It should also be noted that current Jahn-Teller theories
have so far failed to predict the equal coupling of T 2and I acoustic modes to

the Fe i+ on.
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RAMAN SCATTERING STUDY OF CORRELATION BETWEEN PHONONS AND ELECTRON

SPINS IN CdS AND ZnTe UNDER RESONANCE CONDITION

Y. Oka and K. Cardona*
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Abstract. - We have observed for excitation photon energy
in resonance with the lowest gap of CdS and ZnTe, intense
cooperative light scattering in which incident photons
are scattered by an acoustic-/optical-phonon and by elec-
tron spins. From the result the interactions among the
electron spins, the phonons, and the excitons are dis-
cussed.

1. Introduction. - Recent investigations of resonant Brillouin/Raman

scattering of excitonic polaritons in semiconductors have given much

information about parameters of the exciton states as well as the po-

lariton dispersion [1]. Spin flip Raman scattering of electrons and

holes arises resonantly with large scattering probability in the same

region [2). Therefore this scattering may strongly correlate with that

by the phonons. In this paper, the interaction of acoustic and optical

phonons with electron spins is studied by means of combined light

scattering.

2. Experlment. - N-type CdS and p-type ZnTe containing a donor concen-

tration of 1  om-3 were used. Couiarin 101 (for CdS) or coumarin 7

(for ZnTe) dye zasers pumped by an argon-ion laser were employed with

a spectral width of 0.025 mV. Smphes immersed in pumped liquid he-

lium were placed in a superconducting magnet which produced magnetic

fields up to 7T. The back-scattered light was analysed with a Raman

spectrometer.

3. Results and Discussion. - Figure 1 shows the Stokes- and anti-

Stokes-shifts observed in CdS at 8-7T as a function of Incident photon

energy* EZ being the energy of the transverse eioitoa. A. and TA ae

the dispersive killouln modes due to longitudinal and transVerse acou-

stic phonons, which reflect the dispersion relation of the polariton

under magnetic field (31. The intensity of these lines decreases when

the incident laser energy is lowered below 2.550 eV. The lines ±A, how-

ever, increase in intensit in this lower energy region and resonte

il | J Il ll . ] _ _ L :l ) _ -- i , m , - :-



c6-460 JOURNAL DE PHYSIQUE

at 2.5454 eV, which corresponds to the luminescence peak due to the

donor-bound exciton (I2-line). The A lines do not show any dispersion

(less than 0.44 meV) in the whole energy region observed. A similar

non-dispersive line of CdSe has been interpreted as TA phonon scat-

taring via bound excitons [4].

us The open circles in Fig. I (±SF) qnly
H ?T

-HEc appear under a magnetic field; their energy

shift is linearly proportional to H. The

TA g-value calculated from the shift is 1.81I IAwhich agrees with the electron q-value in

Is ISM CdS [5]. Thus these lines originate from

I F V spin-flip Raman scattering by electrons.
At For an incident energy of 2.553eV the

j 211  I -Stokes shifts of the LA line and the SF

line almost coincide but show no evidence
0, -GA 0 of a coupling of these modes. Therefore

STOKES ~~P AIn,,SO T the spin-flip process of the electron ob-

Fig. 1 Brillouin and spin- served is not correlated with the scatter-
flip scattering in Cd$. ing by acoustic phonons in the free exci-

___ ton state. In the present sample of low im-

purity concentration most of the excess
2K electrons are localized in the donor states

NA. , at low temperature. Thus the dominant in-
sAc tem2ediate state for resonant scattering

are different in these two scattering pro-

AW ceases.
As the excitation photon energy approaches

IT 2.54,54eV (thedonor-bound exciton energy)

the spin-flip line increases in intensity

S by more than one order of magnitude, indi-
cating that the relevant electron spins are
localized in the donor states. Figure 2
shows the spectra at resonance for several

Suse SIFT Amwl. 1T values of H. In the bottom spectra at B-0

the background radiation around the laser
Fig. 21 Cooperative scat- line is the 12-luminescence while the sharptering spotra due to LA
phonon and donor-electron lines are the ±A lines. At H-0.5T the spec-

spins. trum changes draatically: Multiple satel-

lites arise around the A lines. In the top spectrum at H-IT remarkably
enhanced i0ltiplet structure can be seen with the spacing twice as

large as that at -0.5T. The g-value for these multiple lines (±AtSF)

is the se as for the I ' line. As H increases the SF lines become

, ... .. .I I I I i I
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stronger. We show in Fig. 3 the H-depen-
trI dence of the observed shifts. To in-

%w.-2UU IV i terpret this multiple spin-phonon scat-
* -- - tering we clarify first the origin of the

/.r A-2VA line. This line is separated from the
S- laser line by 0.44 meV. The wave vectors

- F q of the corresponding acoustic phonons
-are 1.6 x 106 cm- I and 3.6 x 106 cm- ' for

the LA and TA phonon, respectively, as

calculated from w = v . q (v = sound ve-
IL .A locity) using v A = 4.25 x 10 cm/sec and

- VTA = 1.84 x 10 cm/sec. The interaction
A, , ,of the bound exciton with the acoustic

I. , 1 , phonons takes place dominantly for the

MIAGNEIC FIELD IT) characteristic wave vector lo % 1/(re +

rh), where re and rh are the electron and
Fig. 3: Magnetic field
dependence of the coopera- hole localization of the bound exciton
tive- and spin-flip-scatter-state relative to the impurity center [6].
ing Since the binding energy of the donor-

bound exciton %z is 6.7 meV Wasured from the ground state of the

free exciton, r e + rh is calculated as 59.R (hence qo = 1.7 x 106 cm- )
where we use the free exciton binding energy G P of 29.4 meV, the Bohr
radius a. of 28 R and GBE/GFE _' (aB/(re + rh) . Thus we can conclude

that the A line is caused by the LA phonon scattering via the donor- *
bound exciton state.

Multiple spin-flip scattering observed on donor electrons is due to
exchange interaction between the donor and the donor-bound exqiton [2].
As both the LA phonon and the donor electron are strongly correlated
with the donor-bound exciton state, intense spin-phonon multiple scat-
tering can take place. The appearance of the mult le spin lines as the
satellites of the A line shows that donor electron spins interact con-
siderably with the 1A phonon when the magnetic field is low.

In InTe we have also observed cmbination scattering by an LO phaoni k

5pin-flip of electrons [7].
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MULTIPLE RESONANT RAMAN SPIN-FLIP PHONON SCATTERING AND 29 CM -1PHONON

TRANSPORT IN EXCITED RUBY IN A MAGNETIC FIELD

A.A. Kaplyanskii, S.A. Basoon anld V.L. Shekhtman

A.F. Yoffe Physicotechnical netitute, Academy of Sciencea of the U.S.S.R.,
Leningrad 194081, U.S.S.R.

Abst ac .- The paper reports on the observation of anjnoma-
ots nonmonotoni dependence of trapping of the 29 cml pho-

nown on magnetic field. The effect is due to inelastic ponon
scattering processes involving the creation (absorption) of a

Seeman quantu of the I-level (resonance spin-flip phonon,
Rama~n scattering) /I/.

The trapping of 29 eel acoustic phonons in excited ruby /2,3/
is attributed to their multiple scattering by the excited Cr-4 ions
in a resonance interaction with the I - H1 electronic states. In a
mantic field H one observes /41 - 7/ a reduction of phonon trapping.

Thi4s is mainly due to a decrease of the spectral scattering cross
section under the Zeeman splitting of the 11, M levels which reduces
the number V of the scattering events /4.6/, 1

Measurements were carried out in a field H11IC 3 at 1.8 K on
Al23 002% Cr crystal, pumped with cw Ar laser (beau diameter
L = 1.3 Ma). The relative intensity of the fluorescence lines

q a ^ which Is proportional to phonon bottlenecking factor K
/596/ has been measured.

Ff1shows a q (9) plot for different excited ion concentra-
tions 2 determined by laser power W. At a low power, 0.05 W
(curve 1), one observes a mnonotonic dropoff of Q~(N) /5g6/. As pump
power increases (up to 0.4 and 0.8 W) the behavior of q (a) (curves
2 and 3) reveals a clearly proaounced anomaly, i.e. a growth of q(H)
in the field range 0.6 to -5 k0e, The relative depth of the minima
of Uq (K) at Hw0.6 W~e Increases with 1n~.reasIng N:at N~ 0410 17 ce
(see curve 293). At high fields (HNj-5 kOe) one again observes a
decrease of q (H).

lhitple phonon scattering by the tvo-Zevel systemS 1,2 at 1.0
is elastie (pbonon "aomane. fluorescence" tapping /8,9/) * In a
magntic fieold, the N- transition form factor becomes a quaxrtet
with resonances at the frequencies A 2 wheTkre A *29 e
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8= O 8=SPR gju2.L45; s1.5 (Fig.2). The Inner compo-
nents of the quartet corTespond to non spin-flip transitionsthe side
components, to spin-flip transitions. Photon scattering on the Zeeman
four-level system includes, besides the elastic, also inelastic pro-
cesses involving a change of phonon frequency t 0 by the magnitude
_81 of the J-level splitting /5,8/1, the latter being the resonance
spin-flip phonon aeman scattering (RS). Corresponding cross section
is

) ,/
r4 X 2 1 (ib)

Here WJ is scatterd phonon frequency; 5-0 is the cross section at
line center ( & O: A ) at 13=0; PaPb the occupancies of the 1-state
sublevels s,b; I , r probabilities of non spin-flip and spin-flip
spontaneous transitions, respectively, Ir-I'* + p * r's and 0'bb
(U.-W and ++" in (a)) correspond to the elastic scattering channel,

and rab, %M("-" ad "+" in CIb)),to 1313 roper.Pig.2 shows the
phonon scattering processes at frequency%= tOA f u coincid±

with one Ca-a' )of the resoaances,which oowrespends to the different
partial cross sections in (1).

At wegk trapping the behavior of q (H) is Y4eiine p+i0arily
b elastic atroceds s fe q the IL cross scttion has a atlness

suble. Then q (H) decreases bonotonicallo (curve n in ain.) ne to

a decrease of spetral cross section /6,7/ • At a sfiietldy strong
t-ad, inultipl 1a)) crriesp a noticeable otribution to q eve
at scae < 1. Thon in a eak feld multiple ohange of ponon frqu-
pare t l 1 z ilts(pzovide Pa-b)l a spectral dffioon of ph-
nons /5,8 pnesein itself in a steeper mapof of ns(H)/?/.

a IIIi _ -d of , cross s .... . At an
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An important phenomenon is the effect of multiple RRS on i (H)
in strong fields SI>>f ) where the form factor lader~oes splitting
into four resonances. Indeed, in an inelastic scattering of a phonon
of frequency w 0 coinciding with one of the resonances (for instan-
ce, a-a' in Fig.2)phonons w. ± 1,' are created.One of them( 0 -6 1 )
enters the region of another resonance (here b-a') and will again be

scattered. The other phonon (w 0 + 61) turns out to be off the reso-

nance quartet and can therefore leave the volume easier. Processes

involving the creation of "off-resonance" phonons should apparently

reduce the degree of trapping. As H increases, however, their cross

section, as seen from (lb), drops to zero (Tba jH-2 in fields where

1 1>> P ).It is this point that represents the main reason for the
"anomalous" increase of q (H) in fields 0.6 . 5 ke, since at i -
82; P this inelastic process reducing the degree of trapping be-

comes supressed with the growth of H.

In strong fields, H > 5 kOe, only inelastic processes resulting

in phonon exchange between the quartet resonances remain and r

should become stabilized. Now the observed decrease of Il at H >5

k0e (curves 2,3 in Pig.l) may be attributed to a different optical
pumping of the a,b sublevels (Pa;Pb) because of the ground state 4A2
spin memory effect /10/ . At Pa Pb, the pumped volume is more trans-

parent for two of the four resonance frequencies which opens up an

ade - nal chanel for phonons to escape from the volume via their

transfer in inelastic scattering to weakly absorbed resonances. )
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W1n the other hand multiple spin-phonon MNS produces a reverse ef-
fect on the populations Pa end P by equalizing them /2,11/ . Under
conditions of very strong trapplfg this a ualization compensates
the spin memory effect. This may account for the fact that no decrea-
se of q (K) is observed at H > 5 kOe under strong trapping in focus-
ad A-laser beam (curve 4 in xig.l).

5- . = '. :
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COMPARISON OF ELECTRON SPIN-LATTICE RELAXATION IN AMORPHOUS AND

CRYSTALLINE MATERIALS

A. Deville, B. Gaillard, C. Blauchard and J. Livage*

Ddpartement d'lectronique (E.R.A. 375) Universitg de Provence, Centre de
Saint-Jdrme, Rue Henri Poincar6, 13397 Marse'Ille Cedex 13, France.

*Spectrochimie du Solide (L.A. 302), Universitd Pierre et Marie Curie, (Paris
VI), 75000 Paris, France.

Abstract - A quadratic law is observed for the first time in a true amorphous
material with dilute electron spins. We interpret it as due to a coupling
of the spins to the phonons via T.L.S. with a constant density of states
un to 2Ema x = 56 K.

1. Introduction.- Mechanisms and processes describinq snin-lattice relaxation of

electron paramagnetic centers diluted in a crystalline diamaonetic solid are well-

known. The situation is somewhat different in amorphous solids, where the existence
of Tw'-Level Systems (T.L.S.) I1 121 strongly coupled to the phonons 131 is well

established. One can then imagine that the indirect transfer of energy from the

spins to the phonons via the T.L.S. will by pass the usual direct transfer from

spins to phonons. This will then lead to new relaxation laws. This problem has been
recently examined by S.R. Kurtz and H.J. Stapleton 141 for an amorphous-like system
($-Alumina doped with Na+... and irradiated). A similar situation has been found by

J. Szeftel and H. Alloul (1B in B203...). We hereafter present results obtained for

a true amorphous material and for the corresponding crystalline material.

2; Origin of the paramagnetic centers.- We studied paramagnetic defects in V205.
V (3d*) h no permanent magnetic moment. We used non-stochiometric oxide where
paramagnetic defects were associated with oxygen vacancies. This non-stochiometry
appears because V205 heated above its melting point (6500 C) loses oxygen. The

amorphous material was obtained by spla. cooling.

Ia crystalline V2O, we have an E.P.R. spectrum consisting of 15 lines caused
by an additional electron (S = 1/2) delocalized over two vanadium (I = 7/2), the

* electron spin being coupled to both nuclear moments.
In amorphous V205, the E.P.R. spectrum consists of 8 lines ; the additional

* electron is localized on a single vanadium (V'+3dl), the electron spin being
coupled to the nuclear mment of the vanadium ion. Although V20 5 is a semiconductor,
in these experiments the electron may be considered bound to a given paramagnetic
canter (very low mobility).

3. Lxpwrtmntal results.- We measured T1 by the saturating pulse method. For the
crystalline saple, in the temperature-range 1.4 - 50 K (fig. 1)
T, 12.5 T + 3.1.10/Sh (1) (T s, TK)
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For T > 30 K it is difficult to saturate the system because we have a broad inho-

mogeneous line.
For the amorphous sample (fig. 2), in the temperature-range 1.4 - 100 K

T "1
= 39 T2 J xdx/Shx (Tjs, Tk)

0
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Fi I: Teerature variation of the Fig. 2 Temperature variation of the
Ulpmlatttce 'relaxation time of s--Tattt reluatton tim Of amo-
crystalline V205 . 9 pulse saturation, phous V20 .  pulse saturation.o progressive saturatiow. The sOtld FEqW-9;;te Rvatiw corresponds

curve corresponds to eq.(1). to the solid cunv, dashed curve
corrpod to eq. (2).

4. In tton.- In crystalline V 2 s, for T - 2 K, we Um the sal direct

process. For T > 5 K, the dominant '*rcss is chewM tid 4W anm w M. Er 15,5 K

and is also a onehemon praMss sinme T 1
"1 - T hien T , 20 K. According to Urphy

modal ISI, the s% Is cou?.dto . pho_m via a syste Maving t" VaM y lewIs
#% , e sarated b Er" The effitivt t mmtW are it lit, 'r--> I lf

and 00 sehts With t M ly % 1'. T W4is -oftfthm eu W WeWls still
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mhtnrtCl dole WIT pne t lal 161f UIea v tbot"mat'ts"" ts split In to

levdlt by *Awl effect. 1ws a"* s"tths 4dIftwe "s wx*i hase thas
vibrational energy fa. At low taqiersture we have to coesAer Vnlyp the vubumlisal
ord Stt@. 11* MWW'U T 710, ~ T2. Me i 0 Meeemi~p~-

bility of a mwn tpc t K $M. * %t. j-(&o" 10) :
Near 100 K, T1" approaches a lin as m ,, 4ags v u -it iq ah os w"_'n.
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process. We interpret this behaviour supposing that the spins are coupled to the
phonons via the T.L.S. The T.L.S.-phonon coupling is strong ;its hamiltonian,

with usual notations, is 131

XT.Ph ) ftkd-AoUX + &Z] where ax and aZ are Pauli matrices acting on the elgen-
states of the T.L.S. The spin-T.L.S. coupling is less known ; our results suggest
it is efficient in our case ; a general expression for its hamiltonian is

X.T.S. = (Bell S + S) + Z).

Following S.R. Kurtz and H.J. Stapleton 141, the transition probability for a
definite spin to flip through thecoupllngwithaT.L.S. and the phonons (Debye model)

A2 A02

iE3 Sh 2 E . Averaging over A and A. with Philips distribution, one finally gets
E3 Sh(1 ,

expression (2), the cutoff value for the energy of the T.L.S. being 2Eiax - 56 K.

In the transition probability we have omitted an additional term leading to a
T4 dependence unobserved in the present case.

The efficient nrocess is pictured in fiaure 3

SPIMN -TL$. ,TL.S.-WOOI

COUNG COUFLIG

SPISS T.L.S. pomS

Fig. 3 :Indirect spin phonon coupling
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ELASTIC MODULI OF LINEAR ANTIFERROMAGNET CsNiC13

1.R. Nountfield and J.A. Rayne
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Abstract. - The elastic constants of the linear chain antiferromagnet CsNiCI3
have been measured using a phase comparison method. At 295 K the measurements
give C1 =3.58-+0.07, C3 3=6.25-0.12, C4 4 -0.60±0.10, C1=2(Cll-CI2)/2
1.12W0.02 and C13=1.0±0.2 in units of 1011 dyne cm-L. The correspondin
bulk modulus is 2.2±0.4 x 1011 dyne ca-2 compared to the value 2.5 x I0lI

dyne cm-2 estimated from thermal expansion data. C33 clearly shows the
effects of magnetic ordering along the chains near 30 K and of the spin
rearrangemt associated with three-dimensional magnetic order near 4.4 K.
The former is consistent with a spin-phonon interaction involving mag-
netostrictive coupling through the intrachain exchange constant.

1. introduction. - There is considerable interest in the properties of linear chain
4antiferromagnets, particularly CsNiCI 3 [1]. This compound has a hexagonal Dh

structure, in which the nickel atoms form chains parallel to the c-axis. The chains

are characterized by an intrachain exchange parameter J which is much larger then

the interchain parameter J', the ratio J/J' being 10. Correspondingly, short-range

antiferromagnetic order develops within the chains near Tau - 30 K while three di-
mensional ordering occurs at the much lower temperature Nfel temperature TN , 4.4 K. I
A spin rearrangement, involving a ninety degree rotation of the spin component nor-

mal to the c-axis, occurs at TR , 4.4 K. Magnetic ordering effects have been ob-

served in a number of properties, e.g. magnetic susceptibility [2,3],, heat capacity

[4,5], and thermal expansion [6].

In this paper we present the results of elastic modulus measurements on CsNiCI3

usi.,X a phase comparison method. The data at 295 K give a bulk modulus in reason-

able agreement with that inferred from thermal expansion measurements. Anomalies in

the temprature dependence of C,3 are observed both in the vicinity of T max and TR.

The former is consistent with a simple model for spin-phonon interaction involving

megnetostrictive coupling through the exchange constant J(c)

2. gxerimet. - Measurements were made on single crystals of CsNiCI 3 grown in

sealed quartz ampoules by the Bridmans method. Orientation of the samples was

facilitated by their tendency to cleave along (11201 planes. Suitable specimens

wer produced by lapping the cleaved crystals to form parallel surfaces, with nor-

mals parallel, perp ndicular and at 45 to [00011, approximately Sm apart.

esearch aupport2ed by U.S. National Science Poundation under grant Dt-7923355.
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Elastic modulus measurements were made at 10 M41z by a phase comparison method

using X- and Y-cut co-axially plated transducers to generate longitudinal and

shear waves, respectively. Room temperature data were obtained using Salol bonds,

while low temperature measurements were made with Duco cement or Nonaq as bonding

agents. The sample temperature was monitored by a platinum resistance thermometer

down to 77 K and a calibrated germanium thermometer below 77 K. Changes in the

elastic moduli in the range 4-10 K were obtained by monitoring the phase change on

continuous heating with a PAR Model 162 boxcar integrator and by displaying the out-

put against the resistance of the germanium thermometer on an X-Y recorder.

3. Results and Discussion. - Table 1 shows the results of the elastic measurements

and 295 K using the X-ray density of CsNiCl 3 , p = 3.755 gm cm- . There is good con-

sistency between the redundant determinations in this table, both for the pure modes

as well as the quasi-pure modes propagating off symmetry directions. From the

latter we obtain the cross-coupling stiffness constant C = 1.0 ± 0.2 x 1011 dyne
13

cn - 2 . The resulting value of bulk modulus at 295 K is B = 2.2 ± 0.4 x 1011 dyne-2

n"  which compares well with the estimate of 2.5 ± 0.S x 10l dyne cm obtained

from thermal expansion data. It is of interest that the value of Debye temperature

e for CsNiCl computed from the room temperature elastic constants is 181 ± 5 K,

which is much higher than the value 153 ± 5 K obtained from heat capacity data [5].

The discrepancy suggests that the latter figure correspond to a temperature range

(6-15 K) in which phonon dispersion effects are still significant and that 0D has

not reached its limited value.

Table I - Elastic oduli of CsNiC13 at 295 K J
Propigatin Polarization Modulus Value
Direction Direction (1011 dyne cm- 2 )

[o1] (0001] C33  6.2S * 0.12
[1120] C44  0.61 t 0.01

j1210] (12101 C 11  3.58 ± 0.07
[0001] C 4 4  0.60 1 0.01
[00701 C6 6 a (C1 - C12)/2 1.12 + 0.02

4S to 100011 QL C * 3.SS t 0.08
ln(l0) qr * 1.45 ± 0.02

[1010] (C4 4 tC66)12  0.89 ± 0.01

• Quest-iongitudimal and transverse modes 11th effective "odli C,C given by
C ,C •1/4(C + C +2C )L OT/[C C)+ ( C)~/

QL qr 1 1  3 3 2C 44) ± l/4(C 1 1 -C3 3) 4(C13 .C4 4) ]1 2.

Figure I shows the temperature dependence of C3, correspendiga to longitudinal

wave propagation along [Ol]. From the dashed line, which shows the espected de-

pemdice in the absence of umwgeiq interapotims, it cam be seem that ther is a

promnced smaely mes" Taf similar t9 that observed in the beat capacity. This

behbio is eensistest with a simple hydraynamic NOl for the spin-phonos inter-

autei, involving amguetesrictive ecpling betem neghboaring spins though the

intracb in exchange constant J * J(c). It is readily shown that this model gives
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Fig. I: Temperature dependence of modulus C1.4. Dashed line
siiexpected behavior in absence of interactions. Inset
shows change in modulus below 10 K.

a velocity change

constant 2 CU (1)
MV

where C. it. the magnetic specific heat per mole and M the corresponding molecul,
weight. Using the present data, the experiamtal values of C3 (5] and yr'l

d(lnc) a 21 ± 3 obtained from thermal expansion measurements, we find that th
constant is of the order unity. It is of interest that the modulus C4 4 de
not exhibit an anomalous temperature dependence. This result is easily explain

on the above model, since a shear wave propagating along 0001] does not produc

Reference to the inset of Figure 1 shows that the modulus C., exhibits a pi

aewiced anomaly at T Rbut is essentially continuous at TN. This behavior is in

consistent with a hydrodynamic model, since C. shows a distinct peak at both temp,
atures. Further experiments are being conducted to investigate the apparent n
tropy of the exchage interaction associated with the three dimensional orderin.,
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A MICROSCOPIC TRANSPORT THEORY OF ELECTRON-PHONON SYSTEMS

A.S. Wagh
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Abstract - The two-time Green functions are used to
derive kinetic equations of a system of electrons and
phonons interacting with Frohlich hamiltonian. A suit-
able connected diagram analysis is used to derive simul-
taneous equations similar to Kadanoff-Baym equations.
The initial correlations are shown to decay in time com-
parable to the macroscopic time scale. The general
transport equations derived in the steady state are
applicable to various transport processes. It is shown
that the previous assumption of considering the phononas
to be in thermal equilibrium is Justified only for di-
lute systems and phonon drag is appreciable in denser
systems.

1. Introduction. The two-time Green functions have been extensively used by

Kadanoff and Bar. study the evolution and transport of a quantum mechanical

imperfect gas. We extend this formulation to the electron phonon system. A connec-

ted diagram analysis is used to derive the evolution equations from the theo'.em by
3Bloch and Domnicis . We obtain four transport equations two for electrons and two

for phonons, the latter iescribing phonon drag. Using these equations it is possible

to show that the prmon drag is negligible for dilute systems such as electrons in

semiconductors but can be appreciable in metals.

2. The EVolution Equations. The Frohlich hamiltonian for electron phonon interac-

tion is given by

- H 0 + V - fth (p) + (i- t)]+(R)a(p)dp.+ flpb+(P)b(p)dp

dp ff!.dpe [&(a + E)a(W~b(p) + a (W)a(p, + p_)b*~(p 2) 3 (1)

Here a(&) and b(p) stand for annihilation OmPtatt to eleetrons and phemams, 4 is

the external field and other syle ha*ve their usual meaning. The partial Green
functions q< for *eletrms ad e for pfemB are defined by

g'(,2) -i.tfpmj2j(l)) -c(I,* t$t2Th(l))

?>(l.) - -iftfpa(l)+(2)) m"(1.2) - i(l(1)b+(2))
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where the symbols 1 and 2 stand for (pl,tl) and (A,t 2 ). The evolution of g (1,2)

may be studied by differentiating each of these with respect to the times t and t 2 .

One obtains for example

i1! (1, 2). -iTr{fp+(2) U+(t I[a(p1 ),HJU(t 1 )1

- [h (1) + li(l)J g< (1,2) - iTr{p [a+(2)a(l_3,tl)b(p

+ a+(2)a( 1 +p3,t)b+(p3 , t l )]} (3)

This equation is not in closed form. One needs to analyze it by means of perturba-

tion and connected diagram technique, the essential features being similar to the

one obtained from Wick's theorem for an imperfect gas. Here however, we start from

Bloch and Dominicis 3 theorem that the average <BC. . > for operators A,B,C, etc. may
be decomposed into averages of the pair-products, viz.

<ABC...> = E(l) <AB><CD> ...... 4)
n

where + stands for phonons and - for electrons. The descriptions of the self-energy

parts is given in the table. One obtains for g
-i<.[h ( 1 +I*( )J 2 + f t2

.W - [h ()+()g + r 2 dt 3 dEZe(l,3)g>(3,2) - t1 t dt 3 dpE<(1,3 )g<(3,2)

-f ldt3-dE3-r ,3)gZ(3,2) + if 8 d8/dP3 E (lP3 ij)g>(p,i,2)

where E<> - €> + e. The last term in eq. (5) is due to initial correlations, which

are due to our choice of initial t .me as t i = 0. In a similar manner one writes

equations for I and for n< all having same form of Kadanoff and Bays equations.

3. Decay of In tial Correlations. Though the electron-phonon interaction is a long

range potential, we show here that the initial correlations die out by the time

steady rate is reached.

If the system is initially in thermal equillbriu, the initial Green function

for electrons obeying classical statistics are

g < (.piol,2) - e 1 1(p)+ts(p)t2 +a-s(P)1g(l 'Ei 1 ) i (6)

where P , |(pl-p2), and C are particle energy and fugacity. The initial correla-

tion term involved in eq. (5) for a linear lattice with one atom per lattice in bins-

ry collision approximation is

I - 0d(0l)IjZ<(l, 2 3 ,13 )g>(- 3 , iB*6 ga)

inpjI(P)t 1+(it 2 )6(p){(! . +, (7)

e s the mazim. phasms iA^ obtained at the edge of the first Brillnin

m . aramg pbhmo evsry to be mull as compared to the electron energy and for

a line lattice
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§(p) - Isinip'a=fg.p'a (8)

where §. is a constant of the crystal and a is a lattice constant, we obtain

i.(p)t-t 2  Pm i(2- +0.0pta)tl -m ($-it,)- e (-it1A(O)e 1 fa M (p' ,B) e 2m t (9)

where we have used energy conservation relation ±(E)')(.) = O(P ± 7}.
I decays at the most as 1I or 1 . Thus as t1 , tZ- the whole term vanishes.

ti t 2
Thus initial correlations are completely removed from the description of the steady

state wh..ch is studied only after a long time.

4. The Steady State Transport Equations. Dropping the initial correlations and

following the usual procedure , the steady state transport equations can easily be

obtained as

a = _ G! . G G- +(t< <
TT m aT E> G (E; (0

and (-L + aswp Z ±S -C±Z+( A I

where G and S stand for electron and phonon steady state Green functions each

along with the self energy parts being functions of macroscopic momentum R, Ijrticle

energy w, position R and time T. The square brackets are generalized Poisson brac-

kets. These equations are Markoffian and homogeneous. They can be used for the

study of various transports. Here we shall use them to study the role of phonon

drag in electrical conduction. )
5. Phonon Drag. The equations (10) can be linearized in the electric field. To

see the effect of the phonon drag, the linear parts of the Green functions and

S can be expanded for a homogeneous system as
00 >  

N
(4 - EP A"GC, Sj (P,(4 -= ~S(, 14 (11)

Substitution of these into the linear equations and comparing the terms of the same

order of X yields in the lowest order

eq(ee< A2< < >

G = - eqlp 4q X=: p

+ simlar terms in ]+ 6(r-pIp' 6WI+WI") [ LolPIWI)S (
eq, % q,

+ similar term in GLI (12)

*wre V is the frequency of the field and G4. ZS are equilibrium Green functions.

It is interesting to am that j2 has no phomn drag term. It is also a term linear

in electron demity. thus in dilute systems like semicnductors, phonon drag has no

contribution to the conduatvity but the m oasat be said in metals.

- "'". ---.- - ,
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TABLE 1. Simpest seif-owegy diagram and the oorrespondlng expressions.
Symbol Simplet Diagram Expression in the second order

X(1,3) 0 4 ti t'

xd p '( t' .'lt

x a'(p4  .pP tP)

C o ' 3 ) S d X 8 ( P 4, t , e t )

e+(, 3 ) ,JL , Npt4 p NNt,1 3

x 94(04 tt,4 t ts) _

J>(1 -A X g>ip4 tl G( t3)
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HOMOGENEOUS BROADENING OF ZERO-PHONON LINES FOR A MULTILEVEL SYSTEM IN
A CRYSTAL : THE ROLE OF THE ELECTRON-PHONON INTERACTIONS

A. Barchielli and E. Mulazzi*

Istituto di Fisica dell 'Universitd, via Celoria 16, Mitano, ItaZy and
Istituto Nazionale Fisica Suceare, Sea jone di MiZano, Italy.

Istituto di Fisica dell'Universitd, via Celoria 16, Milano, Italy and
Gruppo NasionaZe Struttura Materia del CNR?, Milano, Italy.

Abstract.- We present the evaluation of the homogeneous broadening for a Jahn
TelleF- entre in a crystal when interactions which cause interlevel mixing arepresent. Contributions coming out from one and two-phonon processes are taken
into account. The special case in which the mixing is due to the presence of
spin-orbit interaction is also treated.

We consider a multilevel system in interaction with the lattice phonons, e.g. an
optical electron of an impurity in a crystal. This is the typical problem of discrete
levels eubedded in a continuum. In & first approximation, these discrete levels have
an intrinsic width when the interaction with the continuum mixes them. Anyhow,
the problem is not trivial if one is interested in obtaining the expressions for the
widths of the zero phoon lines and the lti-phonon processes when the levels are
degenerate and Jahn-Teller interactions are present. We study this problem in the

framework of the open system theory, by using a method recently developed in Ref.l.
As it has already been shown in Ref.2, the optical response function can be written
as (4(t)) exp Gt, where exp Gt represents the Mtarkovian" behaviour which dominates
i n the long tim limit, and N(t) represents the %emry" corrections to the Narkovian
behaviour which dominate in the short and intermediate times. N(t) is determined by
the multi-phonon processes, while the real part of G(ReG--y/2) gives the width y,and
therefore, the homogeneous broadening of the zero-phonon line. In this short report
we limit ourselves to show the expressions of such widths for a simple model: only
three electronic levels are considered, the ground and tw excited
levels; the interaction with the lattice phonons is treated in the linear approxima-
tion. The electron-phonon interaction Hep can be written as

2
Hop a Irvi , jai h ii(r"v)u(r"v)()

w r labels the symetry group representations according to which the various
operators transform, v is the partner index; the u(r,v) are the (r,v)-ylftt0Ic dis-
placements and the hij(rv) are the electron-phonon interaction matrices (ij*1,2
refer to the two excited levels); for i-j they represent the interactions on the two



C6-476 JOURNAL DE PHYSIQUE

excited electronic levels(Jahn-Teller interactions), while for ij~j they represent
the interactions which mix the two excited levels (mixing interactions). No interact-

ion involves the electronic ground level.

We give in the following the perturbative expressions (up to the fourth order)

of )for the higher excited level (level 2) by considering two different cases:

a) w'2l <Wmax ; b) "max 'c "w2 < 2".max

where wlis the frequency difference between the tw excited levels and wmax is
the maximum frequency of the one-phonon spectrum.
a) In this case the electron can decay form the level 2 to the I throvg emiss-
ion of one phonon. This process gives (1), theseodrercnibtseod re cnrbui :
We neglect all the fourth order terms but the one containing the Jahn-Ti inter-

actonsonl ~~T. This term can be comparable to y~l) if the Jahn-Tel' nteract-

ion couplings xJT are stronger than the mixing ones xM~(say 'xjTv,)N) Un, ;e as-

sumptions we have
(1 y) +y(2)~= D YJT

~ 2- Ar 'T(jrv)h wvjJ2)

YJT ' 2, rv N v

f do n(w)(n(*)+l) -Ir .(w 2 )pJ (W2 ) (4)
0

where N is the degeneracy of the level 2, n(w) is the phonon population and thej
r(w2) are the densities of one-phonon states of r symetry. yr is due to the

emission process of one phonon whose frequency is equal t 2 . These processes are
more impertmnt as the Pr(W) for w=12l are more intense. In Eq.(3) we have excluded
the, exceptiona) case that all PFi) vanish. The expression of rl)is well known in
the framewk of open system theory. 3 yT is determined by phonon absorption and re-
emission virtual processes (note that -fTtoo is positive). It Is worthwhile to note

that M isteonly one contribution to the homwoenous broadening y at TO0K.
b) In this second case the principl contribution. 02 to y is due to the decay ofD
the electren from level 2 to I through the emission of to phonons. M4oreover, also
phonon absorption and re-emission processes contribute to y . Now the expression of
'r is: Y 2 5

YD +YJT YM(2(5

where YjT is given by Eq.(4 and

y 2 w 1T(h+,6 r~l)h(1v)l~ ~).hc)
D- i ,N 2( 12

*Mx A 6



C6-477

Ym= 21 1 Tr(h 2 (rv)h21 (rv)h12(r,v)h 21 (r',v')).

-4MXdw fr(w)fr,(w)

max (w-w21)z (7)

The function fr(w) is given by

(2)) r (2) wfr (M n(-w)o r(-O ) - I -< 0(8

Note that y D)is determined by both the Jahn-Teller interactions (hii(r,v)) and the

mixing ones (h.j(r,v). ijj). In fact, the two phonon emission can be determined only

through a two steps process, where the two different kinds of interactions are invol-

ved. A two phonon emission through a one step process could happen only if we had con-

sidered quadratic interactions.

At T=O0K the expression of y is given by

y(==y(2)= 
27r Uxd. Pr (W2)pr9((W21vW)2) " (9)

1 Tr{(h 2(r, )h2  , v)-h21( ,v')hll(r, v)).(h.c.)}

Note that YJT and Ym do not contribute at T=OOK, because they involve phonon absorpt-

ion and re-emission processes.

The former expressions for the homogeneous broadening y hold also in the case

where the mixing interaction is determined only by the spin-orbit interaction. Let

the Hamiltonlan we consider have the expression

H = He +Hep + HSO + Hph (10)

He is now the electron Hamiltonian where the spin-orbit interaction acting on the de-

generate levels has been already taken into account; Hso is the part of the electro-
nic spin-orbit interaction which mixes the electron levels and Hep is the e-p inter-

action Hamiltonian on the degenerate levels. Let us consider now the case of spin-or-

bit coupling comparable with the e-p one. Taking into account two excited levels as

before, when w<w max (case a), the homogeneous broadening is given by Eq.(2) where

iJT is given by Eq.(4) and Y(O)by

rk w . k Ik I  eo 1 2;k IN ;k3><l;k3 hl1 (rv)Il;k.
D rv 1,k So n~ 3 3 2

_<2;k h22(r,v)12;k 3><2;k 3(Hsol ;kz>}1
2 nij21)+l (11)

The It; k> are the electronic states; t-1,2 numbers the two levels and k is the dege-

nercy index; all the other symbols have been given before. Note that y is determined

by the combined action of Hp which does not mix the electronic levels and H. which

mixes them.
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PHONON SCATTERING AT FREQUENCIES NEAR THE EXCITON FREQUENCY OF

TWO-LEVEL DEFECTS

J.W. Tucker

Phjsis Department, Sheffield University, Sheffield S3 7RH, EngZand.

Abstract, In the diagrammatic temperature-dependent perturbation theory of
coupled spin-phonon systems an essential quantity determining the poles of
the phonon Green function is the polarisation matrix, N, of the generalised
spin susceptibility. Near the spin exciton frequency the resonance contri-
bution from the polarisation matrix to all orders is required. Hitherto only
the chain-like diagrams that occur in the theory have been retained. For M4
we show that an important contribution also arises from other diagrams
previously neglected, whose inclusion is essential if X is to remain finite
in the high temperature limit.

1. Introduction.- In recent years there has been considerable interest in the

excitation spectrum of localised defects (for example, paramagnetic ions) interacting

with the phonons of the host lattice in which they are embedded. In addition to

knowledge of the excitation frequencies the lifetimes of the coupled excitations are

of interest because they enter into a calculation of the thermal transport properties

of the system /I/ as well as contributing to the linewidth in spectroscopic measure-

ments, for example, in phonon spectroscopy /2/ or in neutron scattering experiments

/3/. One system that has been widely studied is that of paramagnetic ions having an

ef' ective spin * coupled to the phonons of the host crystal through an interaction

linear in the strain. Among the theoretical approaches to the problem of determining

the lifetime of the coupled mode excitations are those based on the application of

diagrammat' . temperature-dependent perturbation theory /2,4,5/. The work embodied

in /2/ and /4/ was primarily concerned with finding the lifetime of the coupled mode

spectrum in the phonon regime sufficiently removed from the spin resonance frequency

for a low-order perturbation theory to be applicable. The work of Care and Tucker

/5/ was an attempt to extend the theory to frequencies close to the exciton fre-

quency of the two-level defects by incorporating higher order terms in the self
energ of the phonon Green funotion. An expressian was obtained for the lifetime of

the excitations in that regime, but recent work by Maeo std Loudon /6/ points out

an insatisactory feature of the result m far as the wave-vector dependence of the

relaxation rates is concerned. While the result of Memos and Loudon for the lifetime
of the excitations over the whole frequency range is intuitively more attractive it

has nevertheless not been deduced rigorously in a proper coupled mode theory but is

rather an extrapolation of results obtained in two limiting regimes. Although an

improved theory is still awaited, the work of Memos and Loudon has at least caused
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us to re-examine our earlier work in an attempt to resolve some of the conflicting

theoretical predictions.

2. The Polarisation Matrix.- in /5/ the poles of the phonon Green function were
expressed in terms of the polarisation matrix associated with the generalised spin

susceptibility. Only the zeroth and second-order contributions to the polarisation

matrix X were derived completely, which is all that is needed in the low-order theory

applicable to the phonon regime well away from the spin resonance frequency. In the

spin exciton freqcuency range higher order terms in the polarisation matrix have to

be included. In the work of /5/ the important contributions (referred to below as
resonance terms) were isolated from the higher order terms in the polarisation

matrix and a summation of these was achieved in the low temperature limit for the

fully concentrated lattice. More recently, the complete expression for the fourth-

order contribution to X has been reported /7/. However, when singling out the

resonance-like terms in /5/ it was thought that the only diagrams that could contri-

bute were those having a simple chain-like structure.. However we now realise after

a more careful examination of the complete expression for X4 that this is not the
case, a point also not appreciated in /7/. In the present work we have therefore

evaluated the resonance contribution to the polarisation matrix arising from the

diagrams of X4 not having a chain-like character. By the resonance terms of X(4 we

mean those containing a denominator (Wos-a* 3 .

3. The Resonance contribution to 4 .- The resonance contributions that were missed

from ip()) arise in fact from the terms
4

2 P+)b(o) F 7 (pq,-+F(p,q,-X+P9(p,q,-) 1

in the notation of equation (12) of /7/. On performing the analytic continuation

A -# e+iO the evaluation of the wave-vector summations over p and q leads to both

real and imaginary parts. The wave-vector summations are evaluated in the Debye

limit and only the leading terms in an inverse expansion with respeot to the Debye

frequency are retained. From equation (1) we find that the real part of I has a
4

contribution

y4(N/fV)b(ooeoh2*/2) V4(N/V)2oo9*oheo) (2)

arising from the non chain-like diagrams, am imaginary part

K(.)b(O)o..oh2(Pv6]2) .K(e)ceosa*0 0 )()

idINI 4 -
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with
K(u = (312)x(NA) 2 y4(wl/=) 31[ (w=0-=)3 ]

As found in /7/, the chain-like diagrams A(3), B(1), C(3) and D(2) give a resonance

contribution through the terms

8Wy4g(X)lg(-_).) 2pc [ b(O)Fl1(P)Pl (q)-2b(1)Ao0(q,-K)Pl(p)

ppq +b(2)A o (p,).)Ao(q,)A+b(O)b (1)Ao(P,1)2 ] (4)

of I(+(). From equation (4) the real and imaginary parts of I& of interest are
4

.4(N/V) 2  [bOot2(P(02)_b(j)ooth060/2)+b(2) (0()

4(i/L2 [ (1/2)ten=iN wj2)-oseoh(Pao)] (5)

I
and

K(W) [ -2b(i)coth , 0 /2)4b(2)+5b(O)b( 1 ) b

- (W) [ --oseoh(o%)(3/8)t=h= =/2)seoh2(1wo/2) ](6)

respectively. It is noticed that the contributions, equations (2) and (3) from the

non chain-like diagrams exactly cancel the terms involving cosech4 0 ) in both

equations (5) and (6). This has the satisfying result that the total resonance term
from OW, remains finite in the infinite temperature limit. In the dilute situation

when the b (n)are replaced by b0) the same cancellation occurs. That is, contri-

butions from the non chain-like diagrams exactly cancel the cosech(oW ) terms in

both equations (18) and (19) of /7/.

/l/ Elliott R.J. and Parkinson J.B., Proc. Pby,. soo., X (1967) 1024-39
/2/ Tucker J.V., J. Pby. C., £ (1972) 2064-76
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/4/ Tombs G.A. and erd F.W., J. Pb,. 0., j (1973) 1467-88
/5/ cre c.M. and Tucker J.W., J. Phy,. C., 2 (1976) 2681-93

/6/ news T. and Loudon ., J. Phys. 0., ja (10) 1657-48
/7/ barker G.C. a, Tucker J.., pbr,. stat. ,ol. (b), o (1981) 313-23
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GROUND-STATE ENERGY OF FROHLICH ELECTRON-PHONON SYSTEM

Chih-Yuan Lu

Institute of EZectronics, National Chioao Tung University, Hsin-Chu, Taiwan 300,
Republic of China.

Abstract - Recently Feynman's path-integral formalism of the
Fr~hlich opticalpolaron problem is generalized, by which it is
easy and natural to get the second-order perturbation result in
the weak-coupling case and the Pekar's result in the strong-
coupling case, even in the crudest ground-state approximation.
By using numerical method to the equations which are given by
the ground-state approximation, the ground-state energy of the
electron-optical phonon system can obtained for the overall
range of coupling strength. In addition, a self-consistent set
of equations is derived for a central optimized potential with-
out using the ground-state approximation. This effective local,
central potential is the solution of a linear integral equation
which was similar to the extensive work of optimized-potential
model (OPM) in atomic physics. By using OPH formalism, no par-
ticular choice of interaction form is taken, therefore, except
the approximation by Jensen's inequality, the ground-state
energy of the electron-optical phonon interacting system can be
obtained without any approximation.

The Hamiltonian of the idealized Fr8hlich optical polaron problem

is given by

H = + Z- (pj2+qj2)+ - W (x)qj (1)

where we use the units f-m-w'l. p, x are the momentum and coordinate
operators of electron, pj, qj are those of phonons of mode J, and the

interaction terms W i(x)q, are (8/2 so/V) [cOS(. J)/kj+ein(t . 1/kj ]qj.

a is the dimensionless coupling strength. The generalized model comes
from an intuitive belief that in some sense the reaction of the
lattice system to the motion of an electron might be represented
approximately by a fictitious particle coupled to the electron. We
assume the variational Hamiltonian as

-.2 1
Kv  - + 7H+ v - i1 (2)

Feyman has used a specific form of interaction-harmonic interaction

between the electron and the fictitious particle. We fQmulate the

upper bound of the polaron energy for the general form of variational

___~ -W
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potential v('-1), then the result is given by [ 1 ]

R I Ev -<Uo[12

u o- r(rI)u ()ui(r)ui(p') l-exp[-2C(l+Aci)h r-r'I)d*r i ( +1

(3)

where C - M/[2(M+l)] (4) and AEi = C- o (5)

F is the reduced mass, p-M/(M+I), and ui(r) and ci are the eigenstates

and eigenvalues of the Schr8dinger equation of the system

( v2 +vlrllui(r) = Ci ui6() (6)

From Eq. (3) it is obvious that if we take only the ground state

term (ia0 only) in the energy expression, because every term is posi-
tive in the suimation and of decreasing importance by the energy
difference denominator of increasing magnitude of i, then the right
hand side of Eq. (3) is still an upper bound of the polaron energy.
Even within this ground-state approximation, the second-order pertur-
bation result in the weak-coupling case and Pekar's result in the

strong-coupling case is obtained very naturally.[ I] By using numeri-
cal direct integration or Ritz variational method the ground state
energy can be obtained for the overall range of coupling strength, and

the phase-transition-like behavior such as abrupt changes of slope of I
the ground state energy at some coupling strength ac is found [ 2 1

similar to that of Shoji and Tokuda. 
3 ]

In order to calculate the Eq.(3) without using ground-state

approximation, a self-consistent set of equations is derived for a

central optimized potential, this effective local, central potential

is the solution of a linear integral equation which is similar to the

extensive work of optimized-potential model in atomic physics. 4 ] 5

The v(r) above is to be varied to minimized the functional Ev, there-
fore a system of self-consistent equations is derived for this pro-
blem, in which v(r) is the solution of an integral equation. It can
be seen that in our case the exchange terms in atomic physics will
not appear. The variational problem to be solved is

6zv  a r 8, v  6ui (')

5V(,r) i au i(r 6v(r)

The variational derivatives

j _ _ __ _ _
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6E -2
V - f-11 U0 (r)S0 i+wi 0 (r')U.*(r)+ W*, 0 (,U)U.*(;S) (8)

6u i(r)r

Sr U*(r)u (') 1-exp[-2C(1+Aci' Ii-r
where W(o )- 3dr T? (9)

Pand 8Uv(,;) -G1( ',, u1~ (10)

where Gi(r' , r) = E *~) )(1

The results (8) and (10) can now be substituted into (7), and if the

Eq.(6) is used, it is found that

rd '()( r ) - Q(r) (12)

where H(', r - u*(")G ("~, -")u (.), (13)

+ n rd r r)u0  (14)

Therefore the variational problem has now been reduced to the problem
of obtaining self-consistent solution of Zqs.(6) and (12).

in our problem there is another parameter ya which should be
determined by another variational equation. But it is suggested that

we may choose some appropriate value which might come from ground

state approximation or Feynmants harmonic model to the Xqs. (6) and

(12), and then substitute the solutions of the self-consistent equa-

tions (6) and (12) into the 3RN,/3ti-0 to check our choice, or we may

plot the Zvversus p' to determine it.
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OPTICAL-MODE DEFORMATION POTENTIAL

R.C. Alig, S. Bloom and X. Inoue*

RCA Laboratories, Princeton, U.S.A.

*RCA Laboratories, Tokyo, Japan.

Abstract.- From measurements in the literature of the average energies, c,
required to create electron-hole pairs with Ionizing radiation in several
semiconductors, a value of the optical-made deformation-potential constant,
KD , has been obtained. A recent analysis has been extended to include
cttering by the polar-mode alettron-phnon interaction as well as by

the optical-mode deformation potential. Expressions for these scattering
rates were developed in the free-particle approximation. The only uknown
in the ratio of these rates is KDt. TheSe values are 1D - 1.8 x x0° x
v eV/cm, where p is the semiconductor density in g8/cm3.t

When a high-energy particle enters a semiconductor, it loses energy by creat-
ing electron-hole pairs and phonons. For a particle of energy EO, the average

number n of pairs can be measured to determine the average pair-creation energy

-Z0/n. The value of n can also be calculated, as described in Ref. 1. The rate

at which a particle creates optical phenons, relative to the rate at which it

creates electron-hole pairs, will have a marked effect on the value for C. In

Ref. 1, this relative phonon scattering rate is determined empirically from the

measured and calculated values for s. In this paper the optical-phonon scattering

rate due to the deformation-potential interaction is isolated from the rate due

to the polar-mode electrostatic interaction, and these rates are determined empiri-

cally from the measured and calculated values for E in the elemental and binary

semiconductors. In this way the value of the optical-mode deformation-potential

constant, KDt, is ascertained.

In Ref. 1 only the energy dependence of the deformation-potential electron-

phonon intefaction was considered. Here the explicit forms of both the deforma-

tion-potential and polar-mode electrostatic electron-phonon interactions are

introduced. The scattering rates due to these Interactions are2

2 3 / 2 r(KDt:)m a 4 1

and
- 2 r w In 1 (2)

.~ ~ ~ n , . ..P
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where E is the particle kinetic energy, +w0 is the optical-mode phonon energy, C

is the effective dielectric constant, p is the semiconductor density, and e and a

are the free electron charge and mass.

The scattering rate for ionization, i.e., the creation of electron-hole pairs,
is 1

r (E). ,, 2  [2 (g-E)7/2] (3)

where C is proportional to the matrix element of the Coulomb interaction, K > E ,

and 5 is the semiconductor bandgap.

As in Ref. 1, the ratio of Eqs. (1) and (3) was set to a constant

A' - (Xt kCj 2 . 3 / 2 // wr , (4)

times the ratio of the factors in the square brackets. In Ref. 1,, A' was

assumed independent of the particle energy and invariant for electrons and

holes and for different materials. From measurements of C In Si, this constant

was determined empirically in Ref. 1 to be A' - 0.33eV4 .

Here, the ratio of Eqs. (2) and (3) is set, in the same way, to another

constant,

(/Lhch 2  (5)

times the ratio of the factors in the square brackets. As with A', B' is
sBmed Independant of the particle energy and invariant for electrons and

holes and for different materials. From measurements of £ in CdS, and using

A' to account for the deformation-potential scattering, B' was determined

empirically to be B' = 5300eN3 . The values of C calculated with A' and B'

were In good accord with the measured values in 13 other semiconductors. The

addition of the polar-mode electrostatic interaction had only a small effect

on moat of the calculated values of c given in Ref. 1.

Using B' - 5300eV3 in Eq. (5), the value
4 of ICj 2 is 1.05 x 1012 eV -7/2sec

Using this value of JCJ2 and A' - 0.33eV in Eq. (4) gives

KDt - 1.8 p l0 s ar/cm (6)

where p is the mmerical value of the semiconductor density in m/cm. Since

there is no ionization scattering for 3 < 1, and since r(3) dominate* both

r;, (3) and r; (1) for 3 > 5%, this value of KDt is valid for kinetic energies

between one and five beadgaps above the band misa. Since ao distinction has

been made between electrons and boles, it is an average of the values for

electrons and holes.

• . , ,i- , - . -5
_____ % j•4,
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easurements of RDt have been reported for germanium and silicon. A large
number of values have been given for Ge 5, ranging from 4 to 12 z 108 eVlca.
There are fewer measurements for Si because the zero-order value of RD tfor the
conduction band La zero by syumetry . The value7 In first order La 9 z 108 eVi'cu.
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ABSOLUTE CROSS SECTIONS FOR ONE-PHONON RAMAN SCATTERING FROM SEVERAL

INSULATORS AND SEMICONDUCTORS

J.M. Calleja, H. Vogt and N. Cardona

Max-Pank-Intitut ftb Feetk.fv.rforcohung, Reinsenbergatr. 1, 7000 Stuttgart
80, F.R.G.

Abstract.- Using the Brillouin-Raman method we have measured the
Raman scattering efficiencies for the Pphonons of GaP,ZnTe,ZnSe,
ZnS as well as CaFSrF2 ,BaF . The results for the zincblende-
type materials all w us to cilibrate in absolute scattering effi-
ciency units the resonance Raman curves found in the literature.
From the calibrated resonances the deformation potential d is
deduced on the basis of a parabolic band model. For the fleorides
the scattering efficiency is attributed to the edge exciton. The
deformation potential of the P,5 valence band following from this
interpretation is compared wits pseudopotential and LCAO calcu-
lations.

1.Introduction.- Raman resonances of semiconductors in the neighbour-

hood of interband critical points have usually been studied by measur-

ing the Raman scattering efficiency SR in relative, arbitrary units as

function of photon energy.1 A full understandinq of the Raman process,

however, requires the knowledge of absolute values of SR' Such values

yield information on electron-phonon coupling constants or deformation !
potentials. 1,2

Here we investigate with the Brillouin-Raman technique the Raman

scattering efficiency of four typical zincblende-type materials (GaP,

ZnTe,ZnSe,ZnS) and three fluorides (CaF2 1 SrF2 ,BaF2 ). The latter have

non-dispersive Raman polarizabilities and are often used as standards

for Raman measurements.

2.Experimental mthod.- we determined SR by measuring the Raman-Bril-

loumn scattering efficiency ratio SR/SB and calculating SB from data
measured independently by other experimental techniques. Using a
five-pass piesoelectrically scanned Pabry-Perot interfercmeter we re-
corded Reaman and Brillouin lines under exactly identical scattering
conditions. SR/SB was obtained from the relative intensities inte-

grated over the full linewidth.

3.Results.- Reman polarizabilities a , scattering efficiencies S., and
differential cross sections dU/da at 1.92 eV are listed in Table 1
a is defined by
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=1 dZ12
N du 3  (1)

where the indices refer to the cubic axes,,Z is the dielectric suscep-

tibility, and u the relative displacement of the two sublattices in-

volved in the Raman vibration.

Table 1. Raman polarizabilities C , scattering efficiencies SR' and
differential cross sections dr/d/l at 1.92 eV (6471 A).

material LI (A
2 ) SR(10-8sr-1cm-) dV/d2(10- 30cm

2 sr-1

per primitive cell)

GaP ,LO 25 330 530
GaP ,TO 23 300 490
ZnTe,LO 24 240 540
ZnSe,LO 7.0 26 47
ZnS ,LO 2.5 3.8 6.0
CaF 2  0.4710.09 0.34 0.14
SrF2  0.61+0.05 0.56 0.27
BaF 2  0.84±0.08 1.1 0.69

Within the indicated limits of accuracy the Raman polarizabilities of

the fluorides turn out to be constant in the visible spectrum. There-

fore we quote the average of the values obtained for 5 different laser

lines.

The data for the zincblende-type materials were used to cali-

brate the resonance curves found in the literature.4'5 Examples are

given in Figs. 1 and 2. The solid curves in these figures are theore-

tical fits. The underlying formulas2 mainly take into account the con-

tribution of the direct gap E0 , E0 +A 0 to the Raman polarizability and

allow to deduce values of the deformation potential do from the cali-
brated resonances. In Table 2 we compare these values with LCAO and

peoudopotential calculations.

Fias. 1 and 2 : Reduced Raman

04 f . icencies Of Ga and ZnSe
-- Tp eas function of photon energy.
1o Empty symbols represent rela-

_ -tive values originally measured/in arbitrary units. Full sym-bols represent absolute values
:Z obtained in this work.

, 7

W 3 2i•M

ho (Wm I 1



C6-489

____________________ In the case of the fluorides

ZnSe we attribute the whole ofcL
TO #HWYto the strong edge exciton

a LOPMMMwwkdominating the optical ab-
Mo.."OMsorption spectrum. We have:6

TO a; N e do0L ef= (2)
* 4 E-

0

-44- where a0 is the lattice con-

stant, Nef the "effective

ta ts 2 as 22 1 Ui an electron density", and E0
tboe(e'd the excitoi energy. Like 0in

the case of zincblende the deformation potential d 0 is introduced as
dE0

d=-a d (3)
0d3

Values of d0 following from Eq. (2), the optical absorption spectrum,

and our experimental data are also listed in Table 2 and compared vith
the results of LCAO and pseudopotential calculations.

Table 2. Deformation potential do (in eV) obtained by various methods.

material Raman LCAO pseudopotential

GaP 27 39.4* 26.5*;26.3*
ZnTe 37 24.4* 28*

8nSe 12 28.1* 21.6*;27*
ZnS 4 30.4* 30.5*;25* i
CaF 2  49 38.8 45.1
SrF2  50 37.8 37.8
BaF 2  66 34.2 30.0

*values obtained by other authors (see Ref. 6)

1. W. Richter,Springer Tracts in Modern Physics,Vol. 78 (Springer Ver-
lag, Heidelberg, 1975)

2. N. Cardona,Atonic Structure and Optical Pr m rties of Solids,ed. by
E. Burstein (Academic Press, New York, 1972) p. 514
M. Cardona, MN. Grimsditch, and D. Olego, Light Scattering in So-
lids, ed. by J.L. Birman and H.Z. Cummins (Plenum Press, New York,

T )p. 249
3. N.H. Grimaditch and A. Raudas, Phys. Rev. B 11, 3139 (1975)
4. B.A. Weinstein and N. Cardona, Phys. Rev. B 17, 2795 (1973)
5. R.L. Schmidt, S.D. McCombe, and N. Cardona# Phys. Rev. 9 11, 746

(1975)
R.L. Schmidt and N. Cardona, Physics of Semiconductors, ed. by F.G.
rumi (Tipoqrafia Marves, ROM#1 976) P. 239

6. J.M. Calleja, H. Vogt, and N. Cardona, to be published in Phil. Nag.
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EFFECT OF PHONONS ON THE SPIN SUSCEPTIBILITY

D. Fay and J. Appel*

Abteilung fir Theoretische Festkrperphysik, Univereitdt Hamburg, Hamburg,
F.R.G.

*I. Inatitut fir Theoretiache Physik, Universitdt Hamburg, Hamburg, F.R.G.

Abstract.- That phonons do not affect the Pauli spin susceptibility seems to
be a standard, well-accepted result. Since the recent suggestion by Enz and
Matthias that phonons might play a decisive role in the ferromagnetism of
ZrZn2 , this question has been "reopened". We review both the old and new
work on this problem and try to clarify the present situation.

The suggestion by Enz and 1atthias i that phonons might play an important role

in the paramagnetic to ferromagnetic transition in ZrZn2 has led to renewed interest

in the question of to what extent phonons affect the spin susceptibility. This is

really an old question and has been (briefly) discussed in many books and articles.

A good discussion was given by Herring
2 and a detailed model calculation was done

3by Quinn . Quinn considered the change in energy AE due to a spin polarization

induced by an external magnetic field and wrote AE = AEd + AEint where Ad is the

"displacement" energy caused by transferring spin-down electrons from below the

Fermi surface to empty spin-up states above the Fermi surface and AEint is the

change in the interaction energy arising from phonon exchange. Here AEd is propor-

tional to 1/m , where m is the phonon-induced mass enhancement. Quinn showed that

these two contributions to AE cancel exactly to leading order in A, i.e., O(X),

where A - O(1) is the usual electron-phonon mass renormalization parameter. The

correction terms were not estimated and would presumably enter first at order
A(M/)1/2 0.01 where w is the Debye energy and m and M are the

D
electron and ion masses, respectively. This is in contrast to the O(A) correction

proposed by Ens and Natthias.

4
Fay and Appel considered the diagrammatic expansion in which, using the RPA-

contact interaction model for the Coulomb part I of the exchange interaction, thec

susceptibility can be written as

x(q) - XPhon(q) /(1 - icXphon(g) ) (1)

where q a (;,q 0 ) and the first few terms in the expansion of Xphon are shown in

Pig. 1.

In order to estimate the relative importance of the phonons we would now like

to cast 3q.(1) into the simple RPA form X - X0 /(1 - IX0 ) with I - Ic + Iel-p h

werX is the susceptibility of the non-interacting electron system. Clearly, one

cannot in general define a constant effective 1el-ph. However, since we are
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°  (a) (b( ()

primarily interested in the effect of phonons on the ferromagnetic transition, it

is sufficient to consider lim(q-tO)lim(q-O)X(q) . In Ref.4 it was argued that
0

all contributions to Xphon - X° are O(w /E )2 or higher, except diagrams (a) and

(b) of Fig.l. Our procedure is to evaluate these two diagrams for q40 and identify
el-h by writing X = + I X2 and making use of the relation X (O)N(E
Ielp h  phon O el-pho F
For I N()Ie 1, X now has the desired RPA form. In Ref.4 we found

el-ph N(E el-ph

Iel-ph = C(W D/EF )X. (2)

Here e is 0(1) but unfortunately diagram (b) has not yet been evaluated accurately

enough to determine the sign. The appearance of the small factor (wD /E ) can be

considered as a manifestation of Migdal's theorem as discussed in Ref.4. Our

proceduz of course really only determines the effect of phonons on the static,

uniform susceptibility, i.e., on the Stoner factor. Indeed, only for qo 0 does it

seem reasonable to neglect the retarded nature of the phonon-induced electron-

electron interaction and to simulate the effect by a constant Iel ph* A consistent j
treatment at finite q would be much more difficult and has not yet been attempted.

we have also neglected spin fluctuation effects which could be important near the

ferromagnetic transition. These corrections could be included in our calculation of

the Stoner factor in the manner of Moriya5 . At finite qo, additional phonon-

spin fluctuation interaction effects might occur.

Enz6 has suggested that under certain circumstaices (eg., anisotropic Fermi

surface, 1-dimensional soft phonon) it may be possible to "beat" Migdal's theorem

and have Iel-ph " A . It is of course true that Migdal's theorem is not a general

law that applies in all situations; it is well-known, for example, that it does not

hold in the limit |jj/q 0
-  0. In the present case however, we have been able to

show rather generally, using Ward identities, that the theorem is valid for the

limit qo/j|-PO, ft-APO which is appropriate here.

A good test of the importance of phonons is given by the isotope effect on the

Curie temperature. Appel and Fay7 found

a - (M/Tc )(dTc /d) - M(d!/dM)/2!(I-1) (3)

The *-dependence of I arises solely from the w"D in the small "Migdal factor" in

Eq. (2). fc is not a function of M: The N(RF) factor in Ic cows from Xo and thus
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has no phonon renormalizati n to order A and the O(w D/E ) correction is already

accounted for by I el-ph Thus, assuming A is independent of M, in the absence of the

Migdal factor there is no isotope effect at all. Another formula for a has been
8

given by Enz 8
. Unfortunately, the experiments that could distinguish among the

theoretical possibilities are quite difficult, at least in 
ZrZn 2.

7 ,9

Recently Kim 10 has calculated Iel-p h by a different method and finds

Iel-ph = S(W D/E ) where S - 1/(1-I) is the Stoner factor and can compensate the

small Migdal factor. We believe that Kim has calculated only part of 1 elphand that,

in the part he has calculated, the full Stoner factor should not appear. Kim

calculates felp h by separating the free energy into an electron part Fel and a

phonon part Fph = (1/2) hwq (at T=O). Kim's Iel-ph arises from the change of the

screened phonon frequency wq due to a spin polarization. The separation into Fel

and F is however an adiabatic approximation2 and does not include the non-an ph

adiabatic contributions which enter at order (w D/E ). At this order one should also

include a term Fel-p h which arises from the electron-phonon part of the Hamiltonian

in second order perturbation theory. We doubt that the full Stoner factor occurs in

the contribution Kim has calculated since th diagrams which provide the screening

in Wq are bubble diagrams containing particle-hole pairs in a singlet spin state

while the Stoner factor arises from the particle-hole triplet spin channel. We
4

conclude that our diagraummatic approach seems preferable in that one can identify

more clearly all contributions.
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ON THE ORIGIN OF THE RED SHIFT OF THE RAMAN EXCITATION PROFILE FROM

THE ABSORPTION SPECTRUM
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Abstract.- A red shift of the position of the Resonant Raman Scattering exci-
tatonprofile with respect to the position of the maximum of the electronic
absorption band has been observed in a number of compounds. The variation of
the inverse vibronic lifetime yn in the excited state with the quantum number
n is believed to be the most relevant contribution to the shift of the Raman
excitation profile. Calculations based on this model for a molecule in a crys-
talline matrix are reported.

A detailed knowledge of the properties of the excited states of a molecule in a
crystal can be obtained from the analysis of the electronic absorption spectrum and

Ranan excitation profile (REP). As a matter of fact, the electronic absorption band

shape and the resonant Raman cross section are determined by the electron vibrational

coupling and by the vibrational relaxation processes in the excited electronic state.

While generally the REP closely mimicks the experimental absorption spectrum, in
some compounds the maximum of the REP is considerably redshlfted with respect

to the maximum of the absorption coefficient. This effect cannot be explained within

the existing theoretical approaches which are based on linear electron vibrational in-

teractions, harmonic potential function and a constant vibrational decay width y of

the vibrational states. In fact the commonly accepted approximation yfconst,cannot be

considered any longer valid for a molecule in a solid matrix, for which the impinging

laser beam creates many vibrational quanta in the excited electronic state, which ra-

pidly decay through anharmonic interactions with the surrounding. The dependence of

the vibronic lifetime on the vibrational quantum number has been quoted2 . 3 as a pos-

sible explanation for this phenomenon. However no quantitative theoretical calcula-
tions have been reported so far. A simple theoretical model based on this hypothesis

is worked out in this report and calculatiom for a two singlet level diatomic mole-

cule in a crystal are presented. The model Hamiltonian for a diatomic molecule With

one vibrational normal mode interacting with the lattice phonons of the host crystal

is:

H - He + Hph + He-ph + Hint, '-1 (1)

where H,.a&. + E a 1 ; HCph.V(4b )ala,; 1t~mw(b E.. ,..,4f a' 1 ;+ E1

represent the energies and the electron operators for the frewn (0) and te excited

electronic state (1); V is the linear electron phonon coupling in the excited elec-

tronic state;b, b+ are the vibrational operators; w is the frequency of the vibration-

I"no
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al normal mode; Hint represents all the anharmonic interactions between the molecule

normal mode with the phonons of the host crystal and determines the relaxation proper-

ties of the vibrational states. We assume for simplicity that Hint is the same in the

ground and in the excited state. We note that the introduction of Hint influences the

time evolution of the vibrational operators b and b+ both in the absorption and in

the Raman scattering processes, thus introducing a variable decay width yn in both

the expressions. Within the approximation we just sketched the electronic absorption

coefficient can be written as

a(a) = 0 1(a) (2)

where a is the light beam frequency, N(Q) is the refractive index and 1(n), the op-

tical response function, is

1(0) =-S(T) - (lV2n I n (n 1)n-i(n(w))

- +

In Eq.(3) S(T) _Z (2n(w)+l) is the Huang Rhys factorn(w) is the occupation number

for the vibrations, n. is the zero phonon frequency, and I is the vibrational decay

width of the nth vibrational state. We note that Y depends on n as a result of the
anharmonic interactions of Hint in the evolution of b and b+. In Eq.(3) we have taken

into account that the nth term is determined by a process in which (n-J) vibrational

quanta are created in the excited state and j vibrational quanta are destroyed in

the ground electronic state.
By considering the approach of the secondary emission developped in Ref.(4). the

resonant Reman cross section for the k-th Stokes processes, can be written as,6
d~a Nn(w)+l) k( V2 ) kt4~jI _Jk Ra- jodl2 (4

J-0R()=eS(T) n O -  n OV21n I n (;(l)lnjln(w))j

y, 4yn +I+(t-o.-nwm+2jw)
(ynj+yj)*+_no.nw+zja)z (5)

for simplicity in Eq.(4) we have neglected the contribution to the Reman cross sect-

ion com.ng ftam the terms in Which V2 and the occupation nrmr (in front to the
square modulus) appear with a power higher than k .

In Flg.1 we show the results of the calculations for the absorption and the REP
for the first and second order processes by considering Q.=17600 cml; V-700 cm'lI

u-2 15 cm 1, Yn(Cml )05 + n2 + 0.35n3 at 300°K.

The following commits can be made: 1) a significant red shift between absorption
Wad the first and second order REP is observed (.170 nm); ii) the intensity of the
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first overtone is much lower than the fundamental one. Calculation performed using a

different functional dependence of y on n show that a steeper variation of - with n

yields lower overtone intensity, larger red shift and largerbalfwidth of the absorpt-

ion band. Indeed this effect has been experimentally observed in Ref.(1) where REP's

and visible absorption spectra of 12 in different solutions are reported.

The model we have proposed here for the origin of the red shift of the REP should

be applied to the case of Br2 in solid argon
2 and to the molecular center in Ref.3.

Unfortunately in both cases the absorption band shape is not resolved and therefore

the lack of this important experimental information does not allow us to perform ex-

act calculations for these cases. Moreover good quality absorption spectra for both

cases would make it possible to give a more precise interpretation of the dependence

of y on n in terms of realistic anharmonic interactions between the vibrational mode

and the crystal phonons. We would like to point out that in an actual case of 12 in

argon matrix, the Debye frequency of 75 cm"1 of the host crystal implies anharmonic

interaction of order higher than the third one. As a consequence of this fact a non

linear dependence of y on n should be expected.

! / .\ Fig.1 - Calculated absorption res-
/1 ponse function (Eq.3) and first
/ and second order REP (Eqs.4-5),4 using the parameters given in the

/ 1\ \\text.
./ / \\
/ /.
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Abstract.- A formaLism is deveLoped for the coupLing of
excess eLectrons to phonons in poLar crystaLs whose Lattice
dynamics are describabLe in terms of a sheLL modeL. Phonon
dispersion and couoLing to other than the usuaL q = O,LO
phonons are incLuded. NumericaL resuLts for potarons in
III-V and 11-VI compounds are reported.

The interaction of an eLectron (or hoLe) with phonons in a poLar
1semiconductor is usuaLLy described by Fr6htich's HamiLtonian . This

ansatz is very fruitfuL for the understandi ng of various problems of

the soLid state and Leads, for exampLe, to the concept of the Large

potaron. As an essential assumption, the Fr6hLich Hamittonian de-

scribes the Lattice vibrations by a continuum modeL. In this paper we

deveLop a theory for the eLectron-phonon interaction with the fuLL
Lattice HamiLtonian, where the phonons are treated in the harmonic

approximation and are described in terms of a sheLL modeL2 .

We start from the Hamittonian for the eLectron-phonon coupLing

given by

H eLpo I 1 (VC7r,f(L,b)) - V07,11 CL b))) 1
eL-phon L,b0 ()

where I(L,b) denotes the position of the b-th ion in the L-th ceLL and

It0 (L,b) its equitibrium position, and r is the position of the etec-
tron. We assume that the ions have the charge Z be and the etectronic

poLarization it [(,b)], which is a function of the dispLacarsents

= CL,b) -b) I 10 t,b). The potentiat energy is then given by

Zbe ~ 3 (2)

In the continuum approximation ? b can be written in terms of the
macroscopic constants 9.and &o This Leads to the weLL-known Fr~hLlch

NaoiLtonlan. A fuLLy microscopic generaLization of Fr~hLich's treat-

went is difficuLt, since the fuLL dieLectric tensor must be used in

-41
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order to account for Local field effects. It is therefore convenient

to describe the poLarization field in terms of the shell model. We get

b = Y be( ( L b) - u(Lb)) (3)

where Ybe is the charge of the sheLL of atom b and *(Lb) the dis-

placement of the shell.

For smaLl deviations from the equiLibrium, we can expand the

potential and use the harmonic approximation. We then write the dis-

placements u(Lb) in terms of normaL coordinates

(4)

U(L,b) = e N cblcj)eb) a- + h.c.)q,j 2N M b j(q) q

A similar formula holds for the shell displacements '(L,b) with

e (biqj) replacing e(bj).

After an expansion into a Fourier series and the evaLuation of

the sum over the Lattice cells we get as a final result for the

generalization of thi. Fr6hlich operator

H = I {V-#j a-. e + h.c.) , (5)
el-phon , qjg qj

qj

with

-44e 2 i 2 2 " i '(Ob) x

b 0  2M N ,)10
V - bj ,  ,• (6)

(,q+g).{Xbac(bl'qj) + Ybaslblqj)} .

Here is a reciprocal lattice vector, Xbe and Ybe are the charges of

the core and the shell of ion b, respectively, Nb is the mass of iot b,

a0 is the volume of the unit ceLL,and N is the number of unit cells.

If the Lattice dynamics of a crystal is known in terms of the I
shell modeL, the sums in (6) can be evaluated. Since the HamiLtonlan

contains the interaction with At. phonont it alto includes the piezo-

electric coupling in crystaLs without inversion symmetry.

As a simple application, we investigate the case of the free

polaron in semiconductors. Here the Hamiltonian is given by

2 +
H * + Z' %WCq) ;j aqj + Het.phon C)q,j

In the intermediate-coupLing case the method of Lee, Low and Pine
4

can easily be extended to this Hamiltonian. For the energy we get

1
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the result
2

E =2me 1+C/6) A'h(LO. (8)

Numerical results for A and C are given in Figs. I and 2 for some

III-V and Il-VI compounds. The continuum approximation yields a for

both constants.

p
g 1--ib

S-Cb :66162-b~a
6-.S S-CdT.

--.
7..

a 2 ~ ~ 6 1

Figs. 1 and 2: The seLf-energy A and the mass correction C
as a function of the poLaron radius Rpo L
a0 is the Lattice constant.

Since the poLaron radii for electrons and holes range from 1.7 a

(hoLes in ZnS) to 16 a0 (eLectrons in InSb) the seLf-energy is con-

siderably affected, but the poLaron mass is only sLightLy different

from that in the continuum approximation. A detailed analysis and an

appLication to more polar crystals wiLL be given in a forthcomingi

paper.
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MAGNETIC FIELD DEPENDENT RESTSTRAHLEN SPECTRA IN PARA14AGNETIC CeF 3

H. Gerlinger and G. Schaack

Physikaliachea Inatitut aer Univeraitaet Wuerxburg, Roentgenring 8, 87
WuerxbuzV, F. R. G.

Abstract. - Magnetic field dependent changes in the Eu-reststrahlen spectra
of-Ce3 (frequency shift , splittings and reduction of bandwidths) have been
observed at T - 1.6 K, B = 7 T, differing in Voigt- and Faraday-configration.

Introduction. - The magnetoelastic interaction between 4f-electrons and Raman-active
optical phonons in ionic Rare Earth (R. E.) compounds gives rise to a splitting of

degenerate Eg-modes in an external magnetic field B parallel to the optical axis Z
of an uniaxial crystal. This interaction also shifts the phonon frequences with re-
spect to a diamagnetic material without 4f-electrons /1, 2/. The wavenumber diffe-
rence of the split phonon modes, which are complex conjugates, follows:

& s t9h (guH/2kT) (1), where &s is the saturation splitting. This
effect has been theoretically interpreted /3/, assuming a phonon-induced multipolar
deformation of the R. E.-ion due to virtual tranitions within the 4f-configuration.
Theory also predicts/4, 5/ the splitting of degenerate infrared-active Eu-modes.

Again the split Eu-modes are oppositely circularly polarized and should follow (1). i
We have investigated the infrared active Eu-modes of the CeP3 in reflection

at T - 1.6 K in a magnetic field B < 7 T parallel to Z. We studied two magnetic con-
figurations: 1. Voigt-configuration (V. c.): KIZ, 81'Z, E/Z; 2. Faraday-config-
ration (F. c.): KIJZ, B1Z, E .1.Z. The measurements were made with a Fourier-spectro-
meter in the spectral range between 60 cm"1 and 650 cm"1. The crystals were imersed

in superfluid helium.

Experimental Results. - In Fig. 1 the reststrahlen spectra for different external

magnetic fields in F. c. are shown. Fig. 2 shows the corresponding spectra in V. c..
The spectra at B a0 T are identical with each other within experimental accuracy,
but differ in small but meaningful features from the reststrahlen spectra published
by Lowndes et al. /6/. At 6 > 0 effects of the magnetic field appear in both confi-

gurations surpisingly in different manner, especially near 320 c- 1 and near 170
co-. In Fig. I the an=mlous slope at the high-wevenuAmbe edge of the reflection
bend near 30 cm 1 disappears with increasing magnetic field and gives rise to a
reflection dip. The intense band at 170 cm- 1 shows a distinct change in its form and
a second maximum sem to appear at high fields. Generally the reststralen-bands
appear mere distinctlX with inc.esing field and develop steeper slopes. This obvious
reduction of the ben ifdth occurs even r clearly in the V. c. (Fig. 2). In the
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same spectral range as before a new band appears at 340 cm-1 and the splitting of

the band near 170 cm 1 shows up more clearly. The reststrahlen spectra in both con-

figurations differ with increasing fields beyond the experimental uncertainty

(Fig. 4). This difference has according to our knowledge not been predicted theore-

tically up to now.

(O WOAcuIr

I - .

- - l -qm Io .

Fig. 1 + 2 B-dependence of Eu-reststrahlen-spectra of CeF 3  T - - ' '  '

Fig. 3 : Wevenumber shift of transverse and longitudinal

phonons, BIIZ, in V. c.

For the evaluation of the experimental data we have used Kramers-Kronig-analysis ad,
more successfully, a Lorentzian oscillator-ft. The Farada-spectra are the superpo-
sition of two orthogonally circularly polarized spectra /5/, which can only be ana-

lyzed by an oscillator-fit. Here we present the results for the V. c.. We have cal-

culated the reflection spectra, using the generalized Kurosaw relation as given in

/7/.
- (0 ) - C N ' 1 (ly v) - -j -/ 2

2 (2)

where - mans the complex longitudinal frequency, j the transverse frequency and
AY. Yj the damping factors respectively.

The mgnetic field dependence of O, jQ is shown in Fig. 3. The oscillator fit
yields for he band near 170 cl 1 three oscillators, which are clearly separated at

high fields (Fig. 2). A very unusual behaviour shows the band at 3W) cl"1 . At low

fields it was difficult to obtain a satisfying fit in this region. We had to take

into account an additional oscillator which disappears at higher fields (see below).
We find one case where the transverse and longitudinal frequencies of one Eu-mode
(.36 cm"1) shift in opposite direction', like the tw components of a split Eg-
mode. tn this case the oscillator strength of this mode is growing up with mpetic

.r , , ' ."
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y/ar --. 31":4' F. 5

-~-.1 .27c B-depndent

phonon damping

"B/T

Fl _4 : Eu-reststrahlen spectra in
-V c. V- and F. c., B 7 T.

field. Frequency shifts in the order of 7 cm 1 to higher frequencies are observed in
several cases. These shifts behave like a split Eg-phonon component according to (1)
and saturate at 3 - 4 T, they are not explained by existing theory. The damping fac-

tor of the longitudinal mode at 319 cm 1 decreases with increasing fields from
32 cm -1 to 11 cam- 1 in the same form as found in Raman-experiments /2/.

Discussion. - Magnetic field dependent frequency shifts and changes of intensity of

Eu-phonons were predicted by Anastassakis et al. (e. g. /4/) using symmetry argu-

ments alone. Our observations are in full agreement with these considerations. A

splitting of a reststrahlen-band due to magnetoelestic interaction and predicted by

Thalmeier and Fulde in a microscopic treatment /5/ is observed perhaps in one case

(170 cm-1).
The additional oscillator at low magnetic fields near 300 cm1 is tentatively attri-
buted to magnetic fluctuations, which are traced by the phonons. Optical phonons

with a large magnetoelastic interaction seem to split already at B = 0 T when the

timescale of these fluctuations exceeds the phonon lifetime. These fluctuations are
suppressed with increasing magnetic field. The differences in the spectra of the two

configurations, obtained at high fields, have to be attributed to the macroscopic
Coulomb-field, which couples with the phonon in V. c. but not in F. c. and has to be
taken into account in addition to the magnetoelastic interaction. The joint effects

of both interactions require an elliptical polarization of split phonon modes in

V. c. with the appearance of a quasi-longitudinal component in the spectrum as a
consequence (Fig. 2,.340 arl).
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A. A. Naradudin, North Holland, Amsterdam p. 157 (1980)
/5/ Thalmeler, P. and P. Fulde: Z. Physik B 32, 1 (1978)
/6/ Lomdes, R. P., J. F. Parrish and C. H. Virr: Phy. Rev. W (3), 913 (1969)
/7/ tev *ch, 6. and L. Nerte Pfs. stat, vol. (b) R, 3 (X I)
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PHONON RELAXATION IN CRYSTALS STUDIED BY HOT LUMINESCENCE

P. Saari and K. Rebane

Institute of Physics, Estonian SSR Academy of Sciences, Ta.rtu 202400, U.S.S.R.

Abstract. - We have developed a method for studying phonon inter-
actions in picosecond timescale, which manifest themselves in op-
tical emission spectra. In sodium nitrite transition rates bet-
ween high-frequency internal and lattice phonon states nave been
evaluated and their correlation with the order of anharmonicity
has been observed. For anthracene the kinetics of vibron relaxa-
tion up to acoustic phonons has been revealed.

1. Introduction. - Phonons display themselves in optical spectra of

crystals through electron(exciton)-phonon interaction. For example, the

luminescence pure-electronic spectral line may possess a phonon side-

band which reflects the phonon density-of-states spectrum rather preci-

sely [Il. The same interaction enables one to excite optically various

phonon states through the absorption of photons whose energy exceeds

that of the electronic excitation by the energy of the phonon state

chosen. Although phonon states decay much faster than electronic exci-

tations are re-emitted am luminescence there is a small part of the

emission, hot luminescence (HL) [21, which occurs in the course of the

phonon state transformation/decay process. As spectral bands of HL can

be ascribed to phonon states involved in the process, the state life-
times display themselves in the temporal behaviour of the HL bands or,
in the case of steady-state excitation - in band intensities. Making
use of these circumstances an extensive study of ultrafast phonon re-

laxation in luminescence centres of various impurity crystals has been
carried out (31. Hee we demonstrate the possibilities of the appoach

on pure monocrystals possessing intramolecular phonon modes, where we
study, in fact, the decay of exoiton-phonon complexes created initial-
ly by light absOrption.

2. Results on sodium nitrtite. - This crystal represents an example of

strong binding between Lntramolecular phonons and the (Frenkel) exci-
tant the frequencies of O-N-0 stretching and bending modes, v1 -1330
and v2 -S30 Cm" 1 decrease to v, .1020 and v; .630 co - 1 , if the exciton

is created in the cell. Thus, the exoiton-phmon complex (vibron) can
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Fig. : On the right - emission spec- ery, NaNO2

trum around the pure excitonic lumi-
nescence line (+ its p~ouon sideband)
at cv excitation by Atr laser 3638 l o
line; for HL bands initial/final pho- W
non states are indicated; "R" labels
Raman replicas (on vj, v2 ) of the la-

ser line. On the left - the scheme of 1600T R
lowest vj, v2 vibron states and decay
routes; transition times are given in
picoseconds and periods (T) of the 500 1ps
decaying phonon, the length of the lops F3ps

shorter wavy line corresponds to the 160T 90T
energy of an effective lattice phonon,
the longer one - to that of v 2-phonon. -

8.5Xns -

decay only through anharmonic

coupling between internal and

lattice phonons. T=4.2KL
The obtained picture of re-

laxation is shown in Fig. 1 [4]

(see also [5]). By virtue of the

fact that the maximum energy of

lattice phonons is as low as
260 cm-1, the high-energy inter-
nal vibrations should decay through multiphonon processes caused by

higher-order anharmonic coupling terms (or by higher-order transitions I
on lower terms). This is clearly expressed in the transition times
which allow also some quantitative camparison of the effectivities of

couplings: the decay of a v2-phonon (4-phonon process - at least 3 lat-
tice phonons should be created) is five times faster than the conver-
sion of a v;-phonon into v; and 2 lattice ones, while the direct decay
of a vl-phonon is surprisingly fast (due to the possibility of a 3-pho-
non process arising through the coupling to v2-vibrations not disturbed

by exciton). The latter argument is supported by the fact that in NO--
doped alkali halides with no high-frequency vibrations in the vicinity
of the excited molecule the direct decay of a vl-phonon is not observed
[3,41. In general, we see that the energy gap law of multiponon rela-
xation holds at a given case only after being modified by the account
of the details of anharmonic coupling mechanism.

3. Results on anthracene. - This crystal represents an example of va-
nishing binding of internal phonons to the exciton but of strong inter-

action between excitons and photons. The first peculiarity means that
here HL from excited states of internal vibrations should display the

III J e .... I



C6-504 JOURNAL DE PHYSIQUE

p)hawo/po{qritonenergy, cm Fig.:2On the right - emission spec-

ANTHRACENE trum in the region of exciton energy
1 at cw excitation by the 3638 X laser

line. HL band appear in through anni-
'-- hilation of A, 390 cm- internal pho-

- 7N non is indicated. For the emission in
100 PS "bottle-neck" region rise/decay times-- PS Rhave been measured at picosecond pul-

sed excitation, reflecting polariton
8 relaxation on acoustic phonons. On the

50 -- 0- left - dispersion curves for polari-0-- -3,.0 J tons originating from a pure exciton
-10 \ 0.2ps and its stropg interaction with 390

and 1400 cm -- phonons, respectively.

30 M6 ] dissociation of vibron rather

50 -than the decay of the phonon.

Indeed, emission spectra measu-
T--O 1.6 K red at various excitation condi-

tions 16] show weak HL back-

ground under Raman lines [7] and

one weak HL band. These data
give for the dissociation/decay times of higher states an estimation

:50.1 ps and for that of the 390 cm -1 phonon - 0.2 ps (Fig. 2). Time re-

solved measurements [8] led to the following conclusions: decay of high-

energy states can populate within 10 ps directly the states in polari- -

ton "bottle-neckO, where the population distribution is formed within

100 ps. From an intriguing fact that the spectrum does not change with

loweri. -g temperature to 0.4 K we deduce that in this crystal phonon-

stimulated processes do not take part in polariton relaxations and the

relaxation mechanism could be understood if phonon-dressed polaritons

are introduced 191.
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?HONONS IN RESONANT SECONDARY EMISSION OF IMPURITY MOLECULES IN

CRYSTALS

L.A. Rebane and K.K. Rebane

Institute of Physics of the Estonian SSR Academy of Sciences, Tartu, U.S.S.R.

Abstract. - Resonant Raman scattering (RS), hot luminescence (HL)
and ordinary luminescence (OL) were studied in the spectra of S 2
and Se 2 impurity molecules in KI at various frequencies of laser
excitation and temperatures. Characteristic times of phase rela-
xation in the excited electronic state caused by phonon scatter-
ing were estimated. In contradiction with the simple version of
the RSE theory no resonance in the Raman scattering cross sec-
tion was observed when the excitation frequency was close or in
resonance with a sharp no-phonon absorption line.

1. Model and theoretical formulas. - Theory of RSE of a rapidly relax-

tng center predicts three components in the spectrum I(vi 1 v2 ) corres-

ponding to the three stages of the transformation of the primary pho-

ton v into the emitted secondary phonon v2 * A model with only one lo-

cal vibration a interacting with lattice phonons is considered [1,2].

The anharmonic decay r and the phase relaxation r2 due to phonon
scattering are taken into account. Under monochromatic steady excita-

tion in resonance with the vibronic transition v I = v e + oM
' (Ve - fre-

quency of the electronic transition; prime refers to the excited elec-

tronic state) in the low-temperature limit

I(Vv 2 ) - Ds(v -a ) IRS(v I - V 2 ) +HL(v 2 - ve ) +OL(v 2 -e)]. ()

Here a(v I - v ) is the absorption spectrum of the photon vI . RS is the

spectrum of photons v2 emitted before any relaxation has taken place:

12 In~ - nn 2 1 a

where F2 is the Franck-Condon fastor. HL is the emission from thean
states where the phase memory is lost, but the population of vibratio-
nal levels has not yet reached thermal equilibrium with the lattice:

HL( 1 2 r rM V)2 +r,, 21 3&-I n 0.1.-i - n) I- e2 , +0) + (r14r. ) 1-(3)

where l is the population of the vibrational level t under excitation
to the level a. OL is the emission fros vibrational levels in thermal
equilibrium with phonons (from t -0 at low temperatures):
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OL -(v V F2  V +S2 ) 2 2+ (r + )2-1 (4)

2-e) on(n+ [2 e  n n
-1O

where y is the radiative lifetime. It should be pointed out that the
model and formulas do not take into account the phonon sidebands and

the excitation via them.

2. Results. - The impurity molecules S2 and Se2 in KI were chosen be-

cause of their single local (intramolecular) vibration of a relatively
high frequency and the presence of a long series of sharp no-phonon
lines in their low temperature luminescence spectra (3,41. It enables
us to construct the potential curves and to calculate the Franck-Con-

don factors. The RSE s.jtrum of Se2 containing all three components -

RS, EL and OL, is shown in f',mre 1 (see also [5]). The dependence of

20 a VA. the intensities -f RS overtones on their

3 order (vertical lines in the lower part

T-SK of figure 1) is non-monotonic in accor-
0. 61 dance with calculated Franck-Condon fac-

7, tOrS (curve 1). The experimental EL spec.-
S6 7 :I, trum (solid line) is in accordance with

2

" i "  the theoretical one (dashed line) obtained
from (3) as a smoothed sum of many HL

Nooo * ,m transitions. From the relation of the

suary intensity of RS lines to that of
the OL the phase relaxation time r was
found to be 105 times shorter than the

I optical lifetime y- . The absence of no-
1 phonon lines in the HL spectrum of Se

m-22 may be caused by relatively short life-

2 2 • 6 s, e times of the excited local modest there

Fig. 1 is not enough time for thermalization of
the phonon excited at the mpurity. So, when the HL transition takes )
place, the phonons at the centre are still hot (the Debye-Waller fac-
tor is considerably smaller then for OL) * For this interpretation
(1) no-phonon lines are absent in the OL already at 30 K; (2) the local

mode of Be- can decay into only two lattice phonons.

Figure 2 shos the ASE spectrum of S2 in KI under excitation in

resonance with the no-phonon line of t- 4. On a broad background the RS
lines are well displayed (61, and some of the EL no-phonon lines may be
indicated. The background and its considerable increase with tmpera-

ture is de to RB and EL transitions in which lattise phonons are in-

volvod. The intensity relation of R8 (first-order) line to the RL

----- -----
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KI 5; T-5K13

T-2 41,

II I

I . I

I .t21100 21200 .i,.m

Fig. 3

- Fig. 2

(3 -0) line is 4.2, 2.8 and 2.3 at T-2, 10 and 15 K, respectively. It

indicates that the phase relaxation rate increases with temperature

more rapidly than that of the energy relaxation.
Both RS and OL intensities should follow the absorption spectrum

whon the excitation frequency is varied (see formula (1)). Figure 3

shows that it is the case with the purely-electronic line of OL for

excitation frequencies in the vicinity of the no-phonon line t-3 (the

OL excitation spectrum is shown), but not so with the RS1 line. Defi-

nitely, there is no resonance in the RS cross section, i.e. the very

simple formulas (1), (2) for RS are inadequate. A more elaborated ver-

sion of the theory taking account the non-resonant levels, phonon

wings and the dependence of the electronic matrix elements on vibra-

tions is needed.

References

1. V.Hizhnyakov ajd I.Tehver, phys. stat. sol. (b) 82 (1977) K89.
2. K.Rebane, P.Saari, J. Luminescence, 16 (1978) 223.

3. C.J.Vella, J.Rolfe, J. Chem. Phys. 61 (1974) 41.

4. K.Rebane, L.Rebane, J. Pure and App1. Chem. 37 (1974) 161.

5. L.A.Rebane, T.J.Baldre, ZhETP Pie. Red. 26 (1977) 674; (JTP Lett.

26 (1973) 515).

6. C.A.Sawicki, D.B.Fitchen, Chem. Phys. Letters, 40 (1976) 420.



GENERAL THEORETICAL METHODS OF PHONON PHYSICS

I



JOURNAL DE PHYSIQUE

CoZ.loque C6, suppUment au no 12, Tome 42, ddcembre 1981 page C6-511

POLYMORPHIC TRANSITIONS IN ALKALI HALIDES. A MOLECULAR DYNAMICS STUDY

N. Parrinello and A. Rahman*

U. of Trieste, Trie te, Italy

*Argonne National Laboratoryl, Argonne, IL 60439, U.S.A.

Abstract.- Using constant pressure molecular dynamics method, B1 + B2 trans-
ifliiFn K+Cl- has been studied. The microscopic detail of the tvansition
is found to be different from the one conjectured about in the literature.

1. Introduction.- In Born and Huang I can be found a short summary on the subject

of the relative stability of the zincblend, rocksalt and cesium chloride polymorphs

of alkali halides. A more detailed account was given by Tosi and Arai.2  The the-

oretical work has only been concerned with the evaluation of the potential energy

of the system using various short range interactions between the ions.

In their study Tosi and Fum13 used high pressure data in parametrizing their

potential and argued that at high density the potentials needed are different from

the ones relevant under more normal conditions; they also found it necessary to

make the pair potentials structure dependent.

Cohen and Gordon4 used the parameter free potential functions developed by

Gordon and Kim5 , to study the rocksalt to cesium chloride transition pressure and

this study was extended by Boyer6 who included the effect of harmonic vibrations in

the calculation of the free energy; this however did not materially affect the con-

clusions based on static calculations.

In the work presented here we have used the Gordon-Kim5 potentials in the para-

metrized form developed by Boyer. 6 The key element in this study is the use of new

molecular dynemics methods briefly sumarized in the following section. These meth-

ods make it possible for a system of classical particles to rearrange into new crys-

talline patterns if the ambient conditions of temperature and pressure are favor-

able for such rearrangement.

2. Periodic Boundary Conditions Varying in Tim.- A system of N particles confined

by periodic boundary conditions is In crystallographic language, equivalent to a

Bravais lattice defined bya.b,c, the unit cell having volme a * a.(b - c) and con-

taining N particles with fractional coordinates s, spreading the system In the unit

cell In some prescribed fashion.

Parrinello and Raimnt introduced the possibility of making the vectors a,b,c

L.
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dynamical variables in addition to the usual ones, namely all the si. Let h =

(abc,) be the tensor formed by the vectors a,b,c. Then a = det b , the position

vector is r - h s and the distance square is given byr -0ss. s %s where G

is therefore the metric tensor; the prime denotes a transpose in the usual way.
The equations of motion generated by the Lagranglan introduced7 are as follows:

h- W'(.-2p) , (2)

where the various symbols are defined as:

= {bc, ca, a-b) (3)

21= z (mI _v _I  + f rl), (dyadic notation) (4)

= - vlar i , (5)

1i  s i  (6)

p, the externally applied pressure,

V, the potential df particle interactions,
W, has dimension of mass; it gives Inertia to the temporal change of the h%,.
Results based on these equations have been published7 already and a generaliza-

tion from p to a general anisotropic stress tensor has also been made and the re-
sults presented elsewhere. 8  A discussion of the role played by W is also given

there .8
Eq. (2) shows that the vectors abc i.e. the nine lengths h%, change in time

because of the imbalance between the externalpressure and the momentary, internal-
ly generated, stress from particle moments and from internal forces.

In parenthesis it is worth mentioning that the old molecular dynamics methods
implicitly assumed the external stress to change with time in such a way as to bal- I
ance out 1 and give i - 0; this coupled with initial condition * 0 automatically
gave a non-varying Bravals cell a,b,c.
3. Olecular Dynamics Rodel for Crystalline KCl.- A neutral system of 500 ions I
(250 K+ and 250 Cl) was given a rocksalt structure at genesis in the following

unusual manner (see section 5 below). In a rectangular parallelopided formed by
vectors a,b,c of lengths SS, 5S, 5W7S, a body-centered tetragonal lattice
with 2S0 sites (2x53 ) was constructed, the lattice constants being S,SVFS. A
displacement of (S/2,S/2,0) produced a similar lattice of 250 Sites for the other

species in a rocksalt structure.
The method of molecular dynics was used to study this system of 500 parti-

cles confined, with periodic boundary conditions, In a cell formed by vectors a,b,c.
The equations of motion were givdn in section 2. The potential function V was writ-

ten as a sum of pair interactions; these were taken from Gordon-Kim6 and used In

_ _

I '
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the convenient parametrized form given by Boyer.6 The 1/r Coulomb potential of

course makes it necessary to use Ewald's sumation; this has to take proper account

of the ever changing vectors ab,c which define the periodically repeating cell

with 500 particles. The unit of mass was taken to be the reduced mass of a K, Cl

pair; in these units W was chosen to be 20. The integration was done in steps of

0.29 x 10- 14 s.

4. Behavior in Time of a KC1 System under High Pressure.- A rocksalt KCl system

of 500 ions was equilibrated at zero pressure and 300" K; the pressure was increased

to 44 kb within one molecular dynamics integration step. The density and temper-

ature are shown in Fig. , as functions of time after the moment of sudden pressure

change.

1250-

-100

~750- ,EASTABLE,
W OQALT CESIUM CHLORIDE TRCKSALT

*1 02 #3 04 #5
250 i--

C 1 *2035 -*20',
0 5 10 15 20 25 30 35

t/(tooAl}

Fli 1: Time history of a compression and decompression run. The points plotted
are 25 apart hence the non-smooth appearance. In regions <I> to <IV> the pair
correlations were monitored. These have not been shown in this paper. Signifi-
cance of the numbered vertical arrows is discussed Is sections 4 and 6.

We note that

i) in about 1.3 ps the system acquires a new state at 925" K. 2.6 gcr 3

ii) this turns out to be a metastable state which lasts for 1.5 ps more, the re-

glon of time between arro~s marked #1 and #2 in Fig. 1.

III) the region between arrows #2 and #3 is clearly one of rapid changes; the

density rises to 2.85 gcw 3 and the temperature to 1250" K, within about

O Pa.
All the pair correlations were mnitored durtng the regions of time indicated

by bracketed Roman nmerals <...> In Fig. 1.

R), .,
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The K-K, K-Cl, Cl-Cl pair correlations all showed that the shell distances and
coordination numbers had changed from those of the rocksalt structure to those of
cesium chloride: the 1ike ions changing from an fcc to a simple cubic arrangement
and the unlike ones changing from an octahedral, 6 coordination, to the cubic,

8 coordination, of unlike nearest neighbors.
5. Microscopic Detail of the Transformation.- A particle by particle analysis of
the transformation just described reveals (Fig. 2) how the B1 * 82 transformation

r occurs.

Figure 2A shows a body-centered tetragonal lattice, lattice vectors a,b,c,
lengths a,a, 4a respectively. The atoms are indicated by e. This is an fcc
lattice of e ions. The other species, shown as o, completes the rocksalt struc-
ture.

Operation #1: Uniform dilatation of amount ,7 in the direction of a as in-
dicated by the thick. arrow in Fig. 2A. The result is shown in Fig. 28: a,b,c be-

come a,c.
Operation #2: A move of alternate planes in the c direction as indicated by

the fine arrows in Fig. 2B. The result is shown in Fig. 2C; the center of the
square face formed by ac is now occupied by o . An atom of the same type occu-
pies the opposite square face; it is the shadowy filled circle in Fig. 2C.

Fig. 2C shows a simple cubic lattice of like ions, the like and unlike ions

together forming a cesium chloride structure.

ROCK SALT CESIUM CHLORIDE

A B C

0 0 0

SI

0 I

444: Detail of rocksalt to cesim chloride found to occur in this calculation.
1T Karrow in A indicates a dilatation, resulting in B. Fine arrows in B indicate
displac mts of prticlT with a conom c direction coordinate, resutting in the
final structure C. A Is a BI and C a 12 itructure.
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In the conventional coordinate system used for 81 structures the transforma-
tion is a dilatation in the (1,1,0) direction and a transverse, (0 0 1), zone bound-

ary phonon with polarization vector in the (-1,1,0) direction. The rock salt + ce-
sium chloride transformation described in the previous section occurs according to

the pattern just described.

The sperJlation in the literature9 is therefore not substantiated by our
calculation. It was conjectured that the change occurred by a trigonal lattice
of angle 60" (%fcc) becoming a trigonal lattice of angle 90" which is a simple cu-

bic lattice.

6. Effect of Decompression.- The region of time between arrows #3 and 4 in Fig. 1
shows the high pressure, high temperature cesium chloride structure in a state of
equilibrium. At the time indicated by arrow #4 the pressure was dropped from the
ambient value, 44 kb to zero in one molecular dynamics time step. Analysis of the
structure between arrows #4 and 5 shows that the system was in the process of chang-
ing from a 82 to a 81 structure. Beyond arrow #5 the system is a hot, zero pres-

sure, stable rocksalt structure.

7. Conclusion.- The above example shows that with constant pressure molecular dy-

naumics calculatldns it is possible to study the kinetic detail of po yorphic tran-
sitions. In the case of KCI several other similar calculations have shown that
large pressures and high temperatbres are needed to trigger the transition. Thus
in studying pol3morphic transitions it is necessary not only to inquire into the
thermodynamic transition parameters but also, using e.g. the wethod exemplified
above, into the height of the various barriers that hinder the transition.
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RENORMALIZED RESPONSE THEORY WITH APPLICATIONS TO PHONON ANOMALIES

C. Falter, W. Ludwig and H. Selmke

Institut fir Theoretische Physik II der Univereitdt Muenster, Domagkst-. 75,
D-4400 Muenater, F.R.G.

Abatract.-A recently developed renormalization method for the electron respon-
se problem in effective ion-interactions is applied to phonon anomalies. A mi-
croscopic mechanism for the anomalies is proposed and its relation to the
electron-phonon-coupling parameter X and thus to Tc is discussed.

The renormalization method proposed in [1,2] for various applications allows for a

division of the electronic density response function D into a part 15, which renor-

malizes the potential (and other quantities) thus leading to screened interactions

and a part which acts in the renormalized system containing the relevant degrees of

freedom in a special situation. This method is able to isolate certain features of

the electronic structure like the Fermi surface effect in metallic compounds, the

local field effect in covalent crystals or special many body effects. The characte-

ristic items of a definite phenomenon are prepared by decomposing the polarizabili-

ty function w, which is defined in terms of quasiparticles, into a part " describ-

ing the screening (renormalization) and a complementary part A, containing the rele-

vant aspects of the response in a special case: I= " + A . (I)

This division can be shown to achieve a renormalization of D, which is related to

the interactions of bare particles. With Coulomb-interaction v and dielectric -func-

tion £ we obtain

D - (! )D! ; : .- ; C t- (2a)r r

Dr Ar I;r • , f'-I vY ; , -I v. (2b)

In lowest order we can replace Dr A, D Z D + (I')+ - ' (3)

The effective ion-interaction between two ions at ( (1,2] is given by
V vX(,)-v, D V1)

where VII is the direct ion-ion-interactioK and V1 the ion-(psado-)potential;

- (a,a) contains indices for unlt cell and basis, rasp.. The !ourier-traftsformed

effective interaction splits according to (4,2a) into additive parts, the anomalous

one being 131 (Q'- q4' ;0"- ;4" Ate.)

' ,. _ V(Q) Q , q1 1 (f-I)Q,,,Q' V(Q) (5)

so that the renormalized part of the dynamical matrix can be written as (V3 : volume

of unit cell; i,: reciprocal lattice vector)
rao * -1/2 froG; afrT() $
t (q) (M 1 50) Ajq) -a I A oo(6

1; 00~ y --

T F4
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with 4Vf(7rn~ -I ++-~ , i(0R-G'R) 5r a 8BA ..('ijq) - Vz q Ciq')e" +Cq' (7)

The problem of phonon anomalies and especially the correlation of soft-phonon modes

to high Tc is often dealt with but it is not solved in a unique way (see (4J for a

review). In (3,5,6] a general explanation for the phonon anomalies is proposed. As

a minimal assumption for the use of the renormalization method in A we separate off

the Fermi surface effect as the relevant part of the metallic binding component which

we assume to be dominant in screening. The only characteristic property of a special

material which enters the theory are the small critical wave vectors qcr (nesting

vectors), which occur in Fermi surfaces with a special geometry (high density of

states at the Fermi level cF (7]). We define A (eq.(i)) to be the difference in the

polarizabilities of the anomalous and the normal system (e.g. TaC and HfC), one hav-

ing Fermi energy eF + 6c, the other one £F: A = (CF +6) - W(CF) -. (8)

A contains all the effects originating from the different topologies of the Fermi

surfaces in the two materials. In our model calculations [3,5,6) we use eq.(5) with

a diagonal renormalization for the potentials and obtain, linear in A,
r a 0 b

r4  8 (Z ) &(q4) (9)

A can be shown to be essentially the difference of the free electron polarizabili-
I ties vF

A --- F+8 -) .5k - Z(E).n 0)_ F FE ;2k - I o)

In general A will have a pronounced q-space resonance structure at the q (or at
cr

2k F in the model, reap.) of the Fermi surface (Fig. 1). This resonance then occurs h
in the effective ion-interaction (9) and finally in the dynamical matrix (6,7). The!

magnitude of the anomaly effect is determined by the competition between the strength

of the renornalized electron-ion-interaction and the density of states Z(e ), eqs.

(9,1o). If the resonance condition jq+Zjw2k, is satisfied for a = 0 (i.e. small
- ---- - --------- - -

C

S. ...

............... 
l 9

!C 0 q0P 2 Anomalous part of the dynneical atria

I. beet value for a toter with the t for te (I ,o,o)-directien of cubic aym-
corresponding free electron polarizabi- natty. t is showu for the exact A (full
lities (full lines) and estimated value line), the estimated A (dotted line) and
according to eq.(lo) (dotted line), with Hubbard-correctiontfor exchange andcorrelation in A and IF (dashed line).

"' i, -_ . " .i] ,. , ", . , k,
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critical wave vectors), we have strong potentials V &(3,5,61 and thus an observable

anomaly effect if Z(c ) is high (Fig.2). The corresponding frequency shift is Au C
r F 4

t /2w, Zbeing the frequency of the reference system. The factor -"i jin (7) tells

us, that the anomaly only occurs in LA-modes. In the case of a second sublattice
(NaCI-structure) there is a coupling between LA/LO- and TA/TO-modes; then the fre-
quency-shift in (1,o,o) is approximately (linearly in t r) given by

AW (4--)-1 f r + t r + [y (t r r ) + y2  r~} '(1

where tr denotes the anomalous components of the dynamical matrix (6), M4 stands for

metal, C for carbon, reap. and ± denote optical or acoustical modes, reap.. Eq.CI1)
shows the scaling of Aw+ with the inverse frequency S+ of the reference system; this

explains the suppression of the anomaly in the optical modes relatively to the

acoustic ones.

We will nov trace how the anomalies due to the Fermi surface effect enter the elec-
tron-phonon-coupling parameter A~ and thus the critical temperature T cof a supercon-

ductor. According to f41 the (isotropically) averaged expression for X~ is

A Z(E~--- ) r- M (T).ep-/)(2
ai ci M W2 FS c BCoD

a aS
The gradient of the total self-consistent crystal potential V a(harmonic theory) in
(12) can be calculated in linear response theory. Thus the same effects which pro-

duce the phunon anomalies enter <j 2> quadratically via A, eq.(8); the anomalous con-

tribution is given by [3,6] . - r I (C *1yV) (1-9h) V C. (13)

This indicates clearly, that the squared matrix element <J72> in (12) is reduced in(

general compared to the reference system. On the other hand the high Z(c F)-values of

the special Fermi-surfaces under consideration produce an increase in A.. Thus the
2product Z(c ).<j > to a certain extent is limited or at least, it should vary less

2 2
than either Z(c F) or <J ; but <w > likewise involves the electron-phomon-coupling
and varies similarly as <J2 > (phonon-softening), so that we can expect an approxima-

tive proportionality between X and Z( 7 ). These theoretical predictions are support-
ad empirically on the basis of experimental data for the transition metals and con-

pounds l]
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THE GENERALIZED PSEUDOATOM FORMALISM IN LATTICE DYNAMICS

M.A. Ball

D.A.M.T.P., Univeraity of Liverpool, Liverpool L69 3BX, U.K.

Abstract.
The change I in potential due to a phonon Is expressed in terms of the

susceptlbil and the effective charge vector. It is analytic in metals
or where jer is zero, and hence can be uniquely split into parts which
rigidly follow the ions and parts which deform as the ions move. This
'generalised pseudoatom' is neutral. The dynamical matrix is expressed in
terms of I both in the reciprocal lattice representation and other
representations.

We show first that the charge density of a finite system is a sum of uniquely-

defined pseudoatoms, each consisting of a part moving rigidly with an ion and a

part which deforms /1/. Suppose the ion at R moves to R + 6R The change in
charge density to first-order is f.(r).&R.Now fj(r) can be written

f (r) - p (r - 0R ) + v x B (r - RO) ( )

Thus to first order in 6R3, the total charge density of the system is

no(r) + E(pj(r - R ) + 6R . v x @j(r - R)) (2).0 -1 1 j _j -_
Translational invariance /1/ makes n (r) zero. The term Pj(r - R.) is the part
which moves rigidly with the ion and the other term is the deformation.

In crystals the ions move collectively as phonons. For (2) to be valid, the

charge density must be analytic in q, the wave-vector of the phonon. Let the

equilibrium position vector of the ; ion in the unit cell at x be R° (L,K) = Z t R°

(K). This is displaced 6R (K) exp [iq . R°(t,K)l by the phonon. The change in the

electronic charge density is written

l 1 6R(K).f (q + g K)exp [jq + g)r] exp [ig.R(K)] (3)
' g

where 9 are reciprocal lattice vectors and T is the cell volume. The change in the

total charge density is written f (9 + 9,K). We write the potential of the nucleus

and the core electrons as W(r-R(1,K);m). Then

!0(9 + ) (q 4 g, q + g')(q + g')W(q + g',K)exp[i(g - g').R(K)] (4)

The electron-phon oprstr can be expts .sed in tehrms of f and W.

I ( q + g,K) - i (q + g)W(q + g,) + v(q + g) !e (q + g,) (5)

wh v to the Coul1ib iftection. Then

S(q + + g, q +q')(q 4 gt)V(q + g',-)expi(-g')R(K)j (6)

iii
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where c is the dielectric function matrix. Inverting /2/

(9 + 9)W(g + 9,K) = iE E(q + g, q + g')I(q + g',.K)exp[i(g - g').R(K)] (7)

I is the change in potential felt by a classical point charge. V is the change

felt by a valence electron: it includes exchange and correlation.
To investigate the analyticity of I, we write I (q + g,K) in terms of the

'susceptibility' X and the effective charge vector Z (q,K) /3/:
A A A (8)

X = X

x- x+x v (8

(q + g,K) =-l((q + g)W(q + g,)/v(q + g) + E g,#t(q + g, q + g')

(q + g/)W(q + g',K) exp [i(g - g').R(K)]) (9)

In insulators and metals lira (K) q (10)
- (qZ) ieff

where Zeff (K) is the effective charge tensor. Hence

! (q,K) = - l(q,9) v(9) Z(9,K) (11)

and
1(9 + 9,K) - -V(9 + 9) (z (9 + 9,K) +X(g + 9, 9)c (q.q)v(q)Z(q,£) (12)

There can only be non-analytic behaviour in the limit q - 0. In insulators
the second term in (12)-is non-analytic if Z (K) is non-zero so I (g + g,K) is

analtic f an onl ifeff (K) is zero. In a metal v(q)c-l(g~q) -I/X(q~q),I analytic If and only if (K

bth (q.q) and h(q + g,q) tend to a finite limit and I(q + g,K) is always analytic.
Thus in metals, and in those insulators where Zeff (K) is zero I is analytic and

and so are I' and f. Each such vector field can be uniquely decoqosed into vectors
parallel and perpendicular to q + g, i.e.

f (9 + 9 ) l(- (g + g) P (q + g.ic) (q + g) x Blq + g,)) (13)
I' (q + g,K) - i(-q + g) u (q + gK) + (q + g) x w (q + gK)) (14)

In real space, this decomposition gives (2) for f and a similar result for 1'. In
insulators where re ff 

(K) is non-zero f is not analytic and the charge density can-

not completely be described in terms of pseudoatoms /2/.

One advantage of the formalism is that the pseudoatom is neutral

lir p(qK) - i.q eff .(K)qtl(qq)v(q)A4nye2 -0 (15)

Another is that it gives the potential which an electron sees when a phonon is

present. The rigid part of this potential is
u(q + gK) - (g + g). ' (q + gK)/q + g)2  (16)

The main part of the effective interaction between the ions is /3,2/

usin )aht inversion procedure 7), the dynamical matrix becomes

This -.. - - = - ('1V
This expression is in the reciprWcaT-lattice rtpresentltizf. It can be

" X-2 -. .. . ... -
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generalised to other representations by considering c as a matrix and I as a
'vector'. Then the dynamical matrixin a general representation is

Thls e ress(19)1

This expression (19) avoids the inversion procedure needed to deriveX; from
Using the R.P.A. expression for I , the dynamical matrix becomes C' + k where

C'~(flc.~)flkwY, ch.() trs (20)

Slnha /4/ has obtained a similar formular to this with X in place of 'o

however, his definition of I is different from ours.

Equations (20 and (21) are useful when we can use the pseudoatom concept. Then
we replace I by ' and incorporate all the exchange, etc., effects into '. I' can

then be written in the pseudoatom form (17), i.e.

- (y.,< J,44. (22).
The neutrality of the pseudoatom means'that the cancellation between the large

Coulombic attractive and repulsive term has already been accomplished. If there
is a suitable approximation for the potential u, and w can be neglected, it is
practical to calculate II(q,.) In certain representations, e.g. (z,m) orbitals or

the tight-binding representation /4/.
When Z(q,K) is pure imaginary in a cubic material, the only direction for

?(q,K) is along q, so that I'(qK) has no deformation part. When there is in-

version symmetry, (q,q + 9i is real, so that I(q,K) is pure imaginary provided
V.R(K) is an integer times w. This occurs in cubic-crystals with one ion per unit

cell or with the NaCl structure, but not with the diamond structure or the A15
structure. Thus I (q,K) has no deformation in the alkali metals, nor in Nb, Mo,

HoC and TaC, but may have significant deformation in Ge and SI and the AIS metals.
It would be of interest to measure the change in electron-phonon coupling and in
Tc in Nb, Pb and No caused by strains which alter the symetry and thus allow
deformation.

The second term of (12) is in the q-direction, so that if q is perpendicular

to g it contributes ardeformation part to I(q + g,K). If I(q + g,K) is calculated
froi a band-structure calculation, this tem' Is neglected, but In metals it con-
contributes to the elastic constants.
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A STRONG COUPLED ACOUSTIC DEFORMATION POLARON IN ONE DIMENSION

E.W. Young* and P.B. Shaw

PennayZeania State Unie'eraity, U.S.A.

Abstract. - A study is undertaken of the system comprised of an electron in-
teracting with acoustic phonons via the deformation potential in one dimen-
sion. A strong coupling adiabatic perturbation theory is developed in which
an effective-phonon Hamiltonian is generated and determined by the solution of
an iterative equation. Modified phonon modes are obtained which represent
excitations of the deformed lattice. One of the modes is a translation which
is interpreted as a polaron. The effective mass of the polaron is determined.
The density of modified phonon modes is obtained by a Green's function method
and the shift from the constant unperturbed density is computed. The energy,
to the next order in inverse coupling constant beyond the strong coupling
limit, involves this shift in the density of modes due to the electron-phonon
interaction. Interpretation of this shift is facilitated by the introduction
of a scattering phase shift. The behavior of this scattering shift clearly
indicates the presence of a bound state, the polaron, and a resonance.

We develop a method for studying the coupled system of conduction electrons and

acoustic phonons. The method we employ has been used previously to study the

coupled system of conduction electrons and optical phonons 1 . We make a displaced I
oscillator transformation on the standard Hamiltonian and treat the displacement dk,

which is a real even c-number of k, as a variational parameter. The result, upon

substituting the value obtained for dk into the Hamiltonian, is R - H 0 + H1 + R2 ,

1d 2 1 1 ik- eachx +  a, " " Iqkl(e
HO 2 dx2  (21at)1 /2  k

2 " s (k k 2q-k - Ikl). (1)

This Hamiltonian is the basis of the strong coupling perturbation theory we pre-

sent. The eigenstates of H0 are comprised of one bound state and a continuum orig-

inally analyzed by Yukon . To carry out this perturbation theory we expand the

eigenstatee of H in term of the complete set u(x) and u p(X), i(x)> = u(x)I*> +

u(x)1* >, where 1#> and 1# > are normalizable phonon state vectors. We do not
p p p
present the general method to determine these state vectors to arbitrary order in

o"1 but rather to one high power :U '-1 than the strong coupling iit 3 . This method

generates an effective phonom Hamiltonimian, Uph, involving only the phonon degrees of

freedom. of the form ph 1> - 2 *>. 3xplicitly we calculate this phonon Ehmilton-

ian with the result

Present address Perkin-Elmer Corporation, Main Avenue, M/S 409, Norwalk, CT 06856
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Hph + (Pp- + 1. % 'k - ftR,-tik n

Vkop = 2 y (p2 sech 1 (p-k) s-ch 1 (p-k'). (2)
p p+2opt

By writing the phonon Hamiltonian in this form, we can identify Vi' as the matrix

element that appears in the optical phonon model.

The lattice we consider has a large number of sites N, therefore Rkk , can be

thought of as an NxN matrix with N real eigenvalues g 2 and eigenvectors tk, .  Intro-
n

ducing the termitean operators n- &n gk n X Pk' we can cast Hlph in the

diagonal form k k

ph =-1 n n A

It can be shown that one of the eigenfrequencies vanishes and that the corresponding

mode is a translation. If we further introduce phonon annihilation operators

A - (2a ) (fl nn + i n), (n 0 1); [A A* 6 tSn, (4)
n n n n n n a a

we can write

H In X ii * S (5)
ph + W +  n nn n 2

where II is the generator of translations. The physical model this effective amil-

tonian describes is that of a free polaron, the acoustic deformation polaron, of

mass u* v 4wa I k2d 2 _ ( Or )2m and free phonons with frequencies Q
gk n

The spectrum of modes in the presence of the electron-phonon interaction is the

same as the unperturbed spectrum. The quantity of interest is the shift in the den-

sity of vibrational modes A(w) given by A(w) = I f(w - 9 ), n > 0, in terms of the
ns'l a n-

unknown modes of the deformed lattice. To calcu[ate the density of modes we define

a retarded Green's function Dkk,(t) and its Fourier transform Gkk,(t). The density

A(w) is given by A(w) = !-- I Is Gkk(w), in terms of the non-interacting wave vectors
Wk

k. We further introduce a continuum scattering amplitude T(k,k',w) in terms of which

the shift generated by the electron-phonon interaction S(w) can be written

-() Ldk--(kk;w) Z - .(6)

In the Born approximation in the continuum limit, T(k,k'w) is replaced V(kk')

and Eq. (6) becomes

KM ).w()) ;d . (7)
w

The result is plotted in Fig. 1. The shift in the density of modes in this approxi-

mation has the behavior

a(w) o(w 2 ), ). (; 2 - o( ) -, Ldw '%) -0 . (8)

As a result of the high frequency behavior of A(M), the shift in zero point energy
2 2

diverges. This divergent contribution is given by Idiv - -SOm Aa(ft oh,/Im2)

which is the result of Riference (1).

To facilitate calculation of AK* wfthout appmwanimUam We itret writq In mat lx

notation V - DST (T - transpos). If we def in a matrix ) by t he xMation R(o) -

B "1 T(W) (0) "1 , than the shift in the dgnmsty of, mode* can be cas tot the torm



C6-524 JOURNAL DE PHYSIQUE

- w In Tr R-(w) R(w). Further we can obtain an even simpler expression for

the shift (w) =-1 Z; 6(w), where 6(w) and R(w) are related by det R(w) = r(w)e 6(W)

(r(w) real). Gaussian quadrature has been used to compute 6(w), which is plotted in

Fig. 2. The full shift in the density of modes exhibits the behavior

' dw 1(w) S 6(w) - 6(o) ]/r - -1 (9)
which is analgous to Levinson's theorem in potential theory in the presence of a

bound state. The absence of one vibrational mode (the translational mode) results

in a depletion of modes concentrated at zero frequency, with leser depletion at

higher frequency.

The phase shift does not fall monotonically to zero as it would in the presence

of a bound state alone. In fact, the shift rises abruptly at w 1- 0.5, reaches a

maximum at W 0%, 1, and falls monontonically to zero thereafter. This behavior sug-

gests the presence of a resonance as well as a bound state. The enhancement occurs

naturally at wavelengths comparable to the size of the polaron. These "resonating"

phonons interact most strongly; hence they are lowered in frequency the most. As a

result, we observe a bunching of phonon modes slightly below w 1.

3,

s appo
" " ,

Finally we calculate numerically the shift in zero point energy resulting from

the shift n the phonon desity of sods. Using this result, we can write the

ground state energy so mattun relation at low p In dimensional units n the form

19Clp) =-(4wa)2 M2/16 + V2 + 0.178 4warme2 - Be ms,2 :2 (10)

2a 0

(1) g. hitfield and P.S. Show. Phys. Rev. 11_4, 3346 (1976).

(2) S.F . Dahe d .e so (rand s o n versityu 18).

(3) s.. i h d a. Todesi - dv. S no bi r ,bleIsle.
(1) CL. Coldhetgo nd IK. .Sh ety, o..en T o (John iley and $oe, Inc.,

ew York, 1964).

" "' . -____ i___ - I".
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GAPS IN PHONON DISPERSION CURVES FOR SUBSTITUTIONAL ALLOYS

A. Czachor

Institute of Nuolear Researoh, SWierk, Poland.

Abstract. - Neutron inelastic coherent scattering (NICS) crossection for
alloy crystals often show multipeak structures and very low intensities
between the peaks, the effects hardly within the reach of the CPA predic-
tions. It is shown, on the example of the force-defect linear chain, that the
average local-informalion transfer approximation (ALITA)[3] leads to such
effects.

In order that the potential energy be invariant with respect to an uniform transla-

tion of a solid, the self-force matrix in must be

4t = -,I 1

where l is the force matrix between lattice sites I and1.
Let us consider a substitutional alloy with two components A, B in concen-

trations 1 - c, c. Except in the additive limit [I *AB (1)AA + 4 BB)/ 2 it

is difficult to fully incorporate the fundamntal condition (1) into the CPA-type

theories of disordered alloys [2]. On the other hand the ALITA [4, being rather

crude in the decoupling procedure used to obtain the displacement-displacement

Green s function GI. (t-e) ( (t) t(-)* ,-accounts exactly for the transla-

tional invariance. With the locatorL

Awl.

La rL

where M, is a quasimass at the site I /in general complex/ and W is a frequency.

The time and space Fourier transform of the configuration average of the

<6_r> - N.' Ef I,+l '+r ' has here the form (3, 41

where ,, . <M,>, * .- E .i <. >. <(ti)1 >, <Ct >.
""_ 'r r f€€, <',,> -' 7.,t, MI, <> .N-'I,,
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The ALITA correctly predicts the dispersive local-mode branches and the in-band

phonon frequency shifts for light impurities; for the heavy ones it leads to gaps in

phonon spectra; usually the results appear in close analytic form. To give an

example, Fig. I shows the mass-defect splitting in the [011] T phonon branch for

.965 .035 ]

V ITI Fig. 1. Gap in the L001] T phonon branch of

T-Al l 5 Ag experimental data (?] and two

ALITA fits [4]. Dashed line disperLion in pure

0 'A-.

The experimental NICS profiles usually show two peaks, but with a struc-

ture superimposed, which may be not due to experimental scatter - see data for

Rb 7 1 K .29 (5]; the valley between the peaks is often deep and sharp - see data

for Ni Pt [6]. Qualitetively, such features are typical to the ALITA-plots;

the CPA-approaches so far gave at most two smooth peaks with a rather shallow

minimum between them 1, 2,5].

To show it clearly, we shill examine within ALITA a simple system - the

one-dimensional force-defect A-ase; one can calculate here the Green's function (3)

analytically at arbitrary concentration 'c. It is the two-species linear chain of

identical masses and different coupling between different species (nearest neigh-

bours only): IA^- *SB . ^A - *BA-i(- M- , where A is the

force defect. Eight 3-particle configurations pertinent to the case: AAA, AAB,

... BBB, weighteds (1-c) 3 , CiC)2 c, ... c3 , respectively, provide 8 contri-
butions to the averages in eqn 3 . Witib the notation: r = (1-c) c,

M" 0i/2't 8C 2 / , ,'the "dispersion relation" < >1- 0takes the form

z2 a im X6A)
4

-M-om
showing two force def40&p6&ps abou tthe fiqueacies, ot *Mc¢ithere 'appear the

poles of the locators,' corresponding to the local configurations with one and two

dif& 61 neghbqi*. OM. shoudd noe, that with movedistant interactions and with

a higher dtmensiomlity, a number of differet local con fguwjtions and locators-

would be greater there would be more gaps, and a multipeak structure in neutron

scattering.

-4.- S*;,
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To introduce finite widths, let us put M- M(1+i a) . The NICS cross sec-

tion is proportional to inG and we have

-iLs. G(v)= - 4 5

with B = sin2 q/X 2 (0) . Fig. 2 shows this function for several wavevectors and

= .05, whereas Fig. 3 shows the effect of broadening of the NICS peaks, when

increases. We can see that the broadening is practically the one-side effect -

in the gap regions the intensity is always extremally low.

A~ =.5
atD5 C--O A

C.'
1..V

9 to
. . 8 9 100l

Fig. 2. Phonon dispersion in the force- Fig. 3. Study of the peak broadening in

defect (A..5) linear chain. at thiree the q-4qa NICS profile from Fig. 2,

q-values, ad the NICS profies In the as a function of parameter S =.1 -
ALITA quastmas* scheme: al.,tImM-.05. keavy line, .2 - dashed, .4 - dotted.

The ALITA calculations for 3-dlmensions clearly lead to similar features:

multipeak NICS structures and low taisAy between the peaks. Qualitative orre-

lation of the pre4icto# trends wit)% the experimental findings emphastses the crucial

role of the cOe4ition (1) in the themry o 4&aamks of 4isordered systems.
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HYBRIDIZATION OF THE TWO-PHONON BOUND STATE WITH THE LOCAL MODE IN

IMPERFECT CRYSTALS

S.N. Behera and Sk. Samsur

Institute of Phyeics, Bhubaneswar-751007, India.

1uE - The possibility of the hybridization of a two-
pstate with an impurity local mode in an anharwanic
imperfect crystal. ir demonstrated. The one-honon density of
state around the local mode frequency shows the two peak struc-
tur* because of this hybridization.

1. Introduction . - Recently it has been shown that two-phonon bound
states could exist In anharmonic Imperfect crystalsl which can be
detected In either the second order infrared or Raman spectra. Howeve
these can as well be seen in the first order spectrun through their

hybridisation to suitable single phonons2 . Evidence in support of this

has been reported in the literature3 , Light mass substitutional impu-
ritles, give rise to local modes of vibration with frequencies higher
than the maximum allowed phonon frequency of the host lattice. Hence

a two-phonon bound state caused by the anharmonic interactions (which
falls slightly above twice the maximu allowed phonon frequency of the

host) can hybridize with the local mode provided the later ho nearly
the se frequency as the former. This condition can be achieved by

suitably choosing the mass of the substitutional Impurity atom. In the
prsent paper we report the calculation of the one-phonon density of

state in the preenoe of such hybridluation.

2. K . - The chazmonie. iperfect oiryst" is characterized by a
model Kmailtounan with cubl and quartic anharmonic toms wfth coupl-
Ing constants I and & respectively and the substitutional Impuritles
which are Isotopic in nature are described by the mass defect para-

mater -a J.)/K 1 , N and X are reapectIvely the me of the
impurity and host atoms Pme nthemre, the koplty cofcmta*tlo Is
asamd td be Ue. roc sucf a syted the oe-pbofon Green' function
saltisies te e qtio M,

4.
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whe re 1

is the free phonon propagator and V~k. -kp) is the coefficient of the
cubic anharmonic term. in writing eqa. (1) it is asSumed that the
quartic anharmomic term simply ranoxmalises the pboeme frequncies to

P roi. eqn. (1) the phonan self eny ca be written a

It is clear from eqns.(1) and (5) that the phonan self energy involves
besides the Impurity CostribtIt in 3,kI3)the tvio-phohom propagator

Q~,k (Ia)) which In turn carries the inforimation regarding the two-
phoCDOM ioixd state bcought, about by the qwaartic anharmamic Anterac-
tion. Because of our Interest in the two-Whomon bound state the later
need be evaluated xsip3y for the perfect asharnle (quazctic) crystals.
ftis ha bowS osculated A eof a I Ceqns. (17) -(19)) and we shall use

f reqmfOCY &4 With tj i5 s5jplfying appro~aion the Impurity looel
node f reqPMnq as&5 utd 3 u u ob

end the two-phaono bound state f xoyinncy is given by1

whereI

budstate a~ars just above 2 it I obiou fro eq. (7) that

@&mee amIteetdIntein-phmom density fsae
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arouMd the frequency &)L or ( .)3 the Green's function of eqn. (1) and
(6) can be approximated as

where 2. .2

K'4O dl  (11)

with S'~ '/j quating DCW) 0 one obtains the two hybridized
frequencies as V2 2

= 14[ I i { +C ws + (C ,+1J~jjElya)e7I 63
(12)

In calculating eqA. (12) term of order are neglected. Making

use of the result (12) the one-phonon density of states around the
frequency 26)*can be easily shown to be

wher &Ic - Co. (&-J + 13...(Co -G) (13)

8±~~~ [(4- +CCo~2 I~ A4 11 ,A(cQ
Thus we see that there will be two peaks of umeqal strength. It is
obeious from eqn.(12) that in the degenerate case of WJimu. the
hybridisation first shifts the frequecy slightly and then the mod
splItta symetrically. such a hybridization persists. even when the

two-phonon propagator is evaluated for the imperfect crystal. 4

3. f - t has been shOwn that in an nhamanlc crystal con-

taisa/g a 1o conoetration of light miss substitutional Imuritiss it
is possible for the loal mode to hybridise with the two-phonob bound
state and acquire a structure. Such hybridizationcm be best observed

In imperfect ferroelectric crystals# because of their strong anharmo-
nic nature, and of the availability of a soft mode whose frequency
decreases with temperature abeve the trmsitJon tmperature. Hence the

two-soft mode bound state cam be swept across the local -ode to hybri-
dlse with It.
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ATTENUATION OF SECOND SOUND IN SOLIDS

K. Weiss*

Philips Resa.oah Laboratories, 5600 AD Eindhoven, The Netherlands.

,AgM - The small-amplitude plane-wavc solutions of the Boltzmann-Peieris equation for
phonons in solids are classified and the propagation properties of second sound are discussed in a
simple way. Specifically the transition (e.g. with rising temperature) from the case where momentum
non-conserving phonon collison processes arc much slower than the N-processes (second sound
regime) to the case where the U-processes dominate (heat diffusion regime) is examined in detail.

0. Introduction. - Second sound in solids (1 is a density wave of the phonons which can be detected as a
temperature wave propagating through the sample. It is not easy to create the experimental conditions [21

which allow these observations because the rate r' of phonon-phonon collisions which conserve momen-

S trnum and energy must be large compared to the frequency 11 of the wave (local thermal equilibrium) while
the rate rin of the collisions which do not conserve these four quantities must be low compared to 9". This

* "window condition" T )- fl P~di, puts rather severe restrictions on the experimental conditions; the
sample must only contain very few impurities, dislocations, etc., it must be fairly large to avoid excessive

*. boundary scattering, and the temperature most be low (but not too low because otherwise ballistic props-

ption results in a pure sampk) in order to ensure that Umklapp (U) processes are much less frequent than
Normal (N) processes.

'he consequences of this last condition are the topic of the present paper. We will therefore assume that

the U-pocescs are faster than all the other dissipative processes which we will ignore. Our discussion will

be concerned with the transtion (with rising temperature) from the regime where rf ) r- (second sound)
to the resime 1 4 4r'l (diffusion). It is based on the Boxmann-Peicds equation 131 in the relaxation time

approximation to which wc will apply a general method 141 which allows the small-amplitude plane-wave

solutions of such an equation to be classified.

1. IM l smi l a im m h1Toe Appoadoo. - In the absence of external foces

the kinetic equation for phosoi with group vdocity vP) = aie/a4 (c - phonon energy) in a pure and large
crystal in the relaxation time approximation is (5i

4- + (for) - 1L.NPOr L- (for) - LU (04)) (1

I,_*$) nil k-.4 we t e loc l fibrium distributioa functions towards which f(V) develop as a
ft - o sk mm in , *a"alHOW% cam, dea all colliasionsoom mmesum n eaeggy (N oenerg
oly (U). They am

FiMM adM: iILT1 A.G. Fi9494 SbsasM, PVt11ssmum Lioehu tgd.

I.~~~~ 7!_________
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fL.N (p)= (exp[(e- -" t'(xt))/ k BTI (,t)] - (2)

and

fL, U (6) -- (xe/T2(x t]-) (3)

Here T1 (ix,t) and T 2 (x,t) are the local temperatures in the two cases and u(x ,t) is the local drift velocity

established in the case that only N-processes are driving the system towards equilibrium. The relaxation

times TN and ru are assumed not to depend on the phonon energy and we will restrict the discussion to

phonons of one polarization. At the end we will comment on both of these assumptions.

The five unknown local parameters T1 , T 2, and it (the hydrodynamic variables) can be determined for a

given f(') from the five conservation laws which must be imposed on the collision terms. If we define for

any function g(p) the average

< g > = (2wh)-3 f d3pg(F')
these conservation laws can be written as

<- (f- fL.N)e> -- < _L (f fL.N)P'> = 0 and < -(f- fL,U)e >= 0 (4)

TN TN u

In what follows we will be interested in small-amplitude plane-wave solutions about total equilibrium f0 (p)

with (complex) frequency 11 and real wave vector it and we will restrict the discussion to the hydrodynamic

regime, i.e. 1111lr -4 1 and Kvr-C I with r-1 = 7-1 + 'r (5

N u (5)

where v = < vf 0> / <f0 > is the mean phonon velocity.

After expanding the hydrodynamic variables about their total equilibrium values we are now ready to apply

the classification scheme of Ref. 4 to discuss the physical properties of the solutions of Eq. (1) as the ratio

TN/rU varies from values much smaller than one to very large values.

2. Tfusaldon from second sound to dhe dfuive regime.- As shown in Ref. 4 the relevant information

needed to interpret the modes resulting from an analysis of the Boltzmann equation as sketched in the pre-

vious section is the number of collisional invariants, i.e. conserved quantities belonging to the fastest relax-

ation mechanism. If T'l *r- this number is four and therefore the analysis in Ref. 4 implies that four of

the five nontrivial solutions belonging to the five conservation laws Eqs (4) are compatible with the con-

ditions of Eqs (5). The fifth solution belongs to a collisional mode which implies that T, (7,t) - T 2(x',t) on

a time scale r - rN which is must faster than the time scale of the hydrodynamic modes. Solving the

fourth order polynomial for the four solutions to second order in the small quantities of Eqs (5) yields two

purely damped transverse modes and, more interestingly, the two propagating damped second sound modes

16,71

=fo(± + 2ioN + (6)5 2 SorUj
where 1Lo = Kcv'_ and c is the vdloity of ordinary sound. The damiping is seen to consist of two contribu-

tions: the first occurs because the rate at which the N-processes establish local equilibrium is, of course,

not Wlfinite while the second ane is due to the U-proesse which tend to destroy die collective (oscillating)
dft veocity ethase dhey do not comen~ naesmsntum. Bodicounmbutions am small compared to one and

a weakly attenuated second sound wave results.

awe.o . .. ,...I __ .______--________ , ___ .____ ...._,___

- o ' '2 ;'' ".
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As the temperature of the sample is increased the rate of U-processes increases much faster than the rate of

N-processes. Therefore as ru becomes of the same order as TN, the damping (- (92°00)') becomes compa-

rabie to the velocity (which is lower in this case) of the strongly damped wave. At still higher temperatures

we have r.3 0 r- and only one (i.e. the number of collisional invariants of the U-processes) of the five

solutions remains compatible with the conditions (5). The other four solutions imply (on a time scale of

the order of rU 411-1 ) T1 (-',t) = T2 (x",t) as before and in addition u xt)= 0, which is plausible from the
physics involved. The only remaining solution describing a collective mode is

fl = i"2j r(7)

i.e. a purely diffusive mode in the phonon gas: heat diffusion in the crystal.

Coochadng Renarks. - We have made two assumptions which are not in fact necessary for the argument as

we have developed it: we have considered phonons of only one polarization and relaxation times which

were independent of the phonon energies (and of the polarization, of course). Dropping these assumptions

still allows to carry the argument through, and as far as phonons of more than one polarization are con-

corned earlier results (obtained by different methods) arc reproduced 11,6,7).

Admitting energy dependent relaxation times introduces the interesting possibility of time-dependent local

equilibrium distribution functions (4] but does not change the classififcation of the modes as given in this

paper.
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INTERPRETATION OF EXPERIMENTS IN THE SOLIDON MODEL FOR ROTONS

M. Hritier and G. Nontambaux

Laboratoire de Physique dee Solidea, Univereitd de Paris-Sud4 91405 oreay,
Frnce.

Abstract - A roton in superfluid Helium can be described as a
oonon self-travoed in a region possessing the translation symme-
tries of the metastable solid. This picture can account for va-
rious experimental data, such as the roton wavevector in bulk
Helium II and Helium films, the temperature dependence of the ro-
ton cap, the roton-roton collision time.

It has been shown recently that, under certain conditions, a

longitudinal phonon in a quantum liquid can be self-traoped in a region

of the liquid possessing the translation symmetries of the metastable

solid (1). The first condition is a favourable balance between, on the

one hand, the phonon energy lowering at a wavevector belonging to the

reciprocal lattice of the solid, and, on the other hand, the phonon

localization energy within the "solid-like" volume and the formation

thermodynamic potential of this volume. (In principle, volume and sur-

face terms are to be included. Another condition for the existence of
a well-defined self-trapped excitation is a large enough lifetime. t
Helium II, which is a "nearly solid" quantum liquid (2) (first condi-

tion) and superfluid (second condition) is a good candidate. This pic-

ture, given as an example of collective excitation self-trapping, led

to a new description of the roton, somewhat analogous to the Feynman's

vortex ring (3), but with a large "solid-like* core in which the atoms

undergo a translation motion. At present time, this model (the "solidon

model") seems to give the best account for various experimental data.

A very simple variational pro-edure gives the roton gap by minimi-

zation of the solidon free energy with respect with the number of
atoms involved in the core radius N. Three terms are to be included
the phonon localization energy q2/2nm (the "recoil* energy), where a
is the atomic mass, and q the wavevector, the solidification free en-

thalpy, proportional to N, and the surface tension A N2/3.

Near enough to the solidification curve, the interface energy term
predominates. A good estimate of the roton gap at low temperature can

be obtained, simply from the knowledge of the solid-liquid surface
tension. The corresponding values of N range from 25 to 40 depending on

.. t
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the pressure.

The gap is now a thermodynamic quantity which can vary with tem-

perature, even in the case of independent rotons. (In the Feynman model,

the temperdture dependence comes only from the roton-roton interactions

and seems to be weaker than observed experimentally). In fact, the

temperature dependence due to the variation of the solidification free

enthalpy is weak. A larger effect is obtained when one takes into

account the entropy flow associated with the atom dynamics. This entro-

py flow is necessary to preserve entropy conservation because the solid

and liquid phases have different entropy, particularly at temperatures

above I K. Because the momentum of this flow depends on temperature,

so does the roton gap. Then a good agreement with the observed varia-

tion of the roton gap is obtained.

An important prediction of the model is the roton wavevector : it

should correspond to the shortest reciprocal lattice wavevector of the

metastable solid with the lowest free enthalpy. Both surface and vo-

lume enthalpy terms are to be included in determining this lattice.

This property is an essential and simple feature of the model. In bulk

Helium II, at low pressure, where the volume term predominates, the

metastable solid with the lowest volume free enthalpy has a b.c.c.

lattice. This is no longer true near the solidification curve at low

temperatures (the lowest volume free enthalpy lattice is h.c.p.), but J
in these conditions the interface energy term predominates and the

lowest solid-liauid surface tension is obtained for a b.c.c. lattice.

Therefore, one expects a solidon core with a b.c.c. structure at any

temperature and at any pressure. Indeed, the observed roton wavevector

agrees well with this prediction.

Thin Helium films exhibit a roton-like excitation at a wavevector

q = 2 A- ' (4), much larger than expected in the Feynman model (5). In

our model, two interpretations are possible. In the first, the excita-

tion is a solidon bound state at the solid-liquid interface, due to

image forces, stable because of the finite size of the solidon core.

Then, q should correspond to a.b.c.c. lattice distorted by the Van der

Waals attraction to the substrate. In the second interpretation, the

excitation is a truly two-dimensional roton. Then, q should correspond

to the metastable 2 D triangular lattice. Both interpretations give

about the same values for q, in agreement with experiment.

If the roton velocity field was a perfect dipolar field, the dis-

persion curve should be phonon-like at any wavevector. The roton mini-

. ... I ....
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mum at a wavevector q shows the existence of a finite size core, with

a radius of order 2ir/q, in agreement with the previous estimate. This

departure from the dipolar behaviour, noted by Castaing and Libchaber

(6) in the roton-roton interaction otential, should exist also in the

velocity field of a single roton. Roton-roton scattering can provide a
test of the model. According to various experiments (see references in

(6)), the roton-roton collision frequency can be written TRR - = BnR'

nR is the thermal roton density and B = 1.7 x 10-1 0cml/s (7). The con-

tribution of the dipolar backflows to the collision frequency is small

(7). Assuming a large core size, the interaction is written, in the

hydrodynamic approximation as a core-core interaction. Using the Lipp-

man-Schwinger method, the solidon core radius R is determined from B.

We find R = 7.5 A at 25 bars, i.e. about 35-40 atoms in the core.
Castaing and Libchaber (6) calculation also fits the data. In fact,
their theory is consistent with our model since they arrive to a roton-

roton interaction non dipolar at distances shorter than 2w/q.

These ordered "grains" may have been observed in neutron experi-

ments (8). A new structure was observed in the structure factor below
the A transition, consisting of a single peak at about 2 A-' momentum

transfer. The intensity of this peak increases as approaches TX or

when the pressure is increased. It is tempting to ascribe these effects

by a larger number of excited rotons (with their cores modulated at

q % 2 X-1), when T increases or when the roton gap decreases with

applied pressure.
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SIMULATION OF LONG-WAVELENGTH OPTICAL PHONONS BY GENERALIZED INTERNAL

STRAINS

+

L.M. Anastassakis and M. Cardona*

NationaZ Technical University, Athens, Greece.

* Max-PZmck-lnstitute for SoZid State Research Stuttgart, F.R.G.

Abstract.- A generalized external force applied to a crystal can
introduce new atomic position parameters known as internal
strains. Each internal strain may be looked as a "frozen" q a 0
optical phonon of appropriate symmetry. Explicit forms can be
worked out for the internal strains produced by any type of force
and crystal class. Related crystal parameters can be determined
in any case with X-ray diffraction techniques.

The concept of internal strain will be generalized to include all
possibilities of microscopic relative displacements of the various

Bravais sublattices which are produced by any type of external force

F. When F is applied to the crystal a macroscopic strain q may be pro-
duced. The mechanism which produces vj depends on the nature of F [e.g.

piezoelectricity (electrostriction) when F is an electric field E in
first (second) order, piezomagnetism (magnetostriction) when F is a

magnetic field H in first (second) order, etc]. Because of F the kthtitatom in the Ith cell moves from its initial position r,, to a new one
ri',k :t (1+ I) ri,,k + (1)

The first term is the macroscopic contribution t, r;,, while the second
term (us) represents a microscopic strain due to F. It is the same for
all atoms of type k in the crystal, i.e., it represents a microscopic

displacement of the entire kth Bravais sublattice and as such it con-

stitutes an internal strainI . Both terms in (1) depend on the symetry
of the crystal independently of each other.

There are 3(N-1) different sublattice displacements, where N the
no. of atoms per unit cell. 3(N-1) also gives the no. of q a 0 optical
phonons of the crystal. The normal coordinate uI of the phonon j and
the internal strainu, (or uk.X, x=x,y,z) are qualitatively similar in

the sense that both represent sublattice displacements and transform
alike under the crystal symmetry operations. When "frozen" each phonon

will look exactly like one of the als. The symetry of u will deter-

mine the type of F which Is necessary to produce its internal strain
u,. This symmetry is described by one of the point group irreducible
representations r(j). Thus r(j)s r(u k ). The various r(j)'s are obtai-

Partial support by the National Research Counsil and by the Research
Comittee of the Technical University of Athens.
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ned from the reduction of root, the reducible reD of the most general

displacement of the q 0 optical phonon of the crystal.
The connection between F and Uk is derived thermodynamically. Let

f be the intensive parameter which corresponds to F. ( F is treated

as an extensive parameter 2) . To first order of uk we can write

F= G. uk or f = g" Uk (2)

This results in a contribution to the internal energy of the crystal

8U(k) = F - f - F • g- u, = g, X F Uk, X  (3)

where u may be a composite index. Since 6U(k) is a scalar, the only

products Fvuk, entering (3) are those which transform like scalars.

This allows one to determine the type F necessary to produce a speci-

fic ukand vice versa. The criterion is that r(j), or r(uk), be inclu-

ded in the reduction of P(F) at least once, in general n. times. The
I

number n indicates the number of independent components of the ten-

sor coefficient g . The form of g, is identical to that of known mo-

de coefficients . Typical examples for various forces are given next.
1. Electric field E. The reduction P(E) includes only IR-active pho-

nons.Eq.(3) yields g, UI (a2U(k)/8E Uk ), i.e., g A transforms like

the phonon effective charge tensor3  e(i[ (a2U(j)/3&aU =.

2. Elastic stress or strain v. The reduction P(n) includes only Raman-

active phonons in symmetric scattering3,4.Since g_ _' .=(32U(k 3rpa auk,)

it transforms like the Raman tensor a() _ (a 3 u(J)/36 o X u ).pa, p a j,)

3. Electric field gradient Vp o= (E a/ax ). The reduction F(VE) inclu-

des only Raman-active phonons in non-synmmetric scattering.g trans-

forms like the non-symmetric Raman tensor3 .

4. Strain gradient V pi . The reduction of r(Vn) is the same as that

of the piezo-electric tensor. g transforms like the electric
field-induced Raman tensor

5. Hydrostatic pressure P. The reduction r(P) coincides with A,, the

totally symmetric rep. Hence there are as many internal strains u, pro-

duced by P as the number of phonons A1. This also is the same as the
number of atomic position parameters which cannot be uniquely determi-

4ned by symmetry arguments . The tensor ,X becomes a scalar.
6. Magnetic field M. u k, will transform like an axial vector. g ,x is
like a second-rank polar tensor which reverses sign upon time rever-

sal (c-type tensor5). I can only exist for the 90 magnetic crystal
classee. The matrices of such tensors are given in tables 7 and 4 of
Refb5.

As an example we consider -quartz (N-9 point group D3). We have
3

rop. . 4.+l ' 4A2 + 81 r(Vz) a 2A, + At +32 r(P) 4 A1

r(m) At +'z r(H) - At +

r(ij) -2A + 22 r(Vi)- 2A1 +4A +6E
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According to these reductions there are 16 independent internal

strains grouped into 3 types, 4 of type AI (non-degenerate), 4 of ty-

pe A2 (non-degenerate) and 8 of type E (doubly degenerate). Type A 1

can be produced by v,VE ,P andVv with 2,2,1,2 independent components

each, for each of the corresponding tensors g . Type A2 can be produ-

ced by E,VE and Vv1 with 1,1,4 components each for the tensors g, etc.

For a magnetic crystal with N=9 and magnetic structure D3 , a field H

will produce 4 internal strains of type A2 and 8 of type E with only

one component each for the tensor g. Once the forms of g are written,

similar ones hold for G of (2) and its inverse y,where uh= y. F.
4This is because gGand y have the same symmetry . We will consider the

case of F= V for the A2 type of internal strains of c-quartz. V fol-

lows from the electric field-induced Raman tensor,according to the

scheme
3

aE , ( iu(J)/a& a au1,) (a2u(k)/avr P naUkA ) > Y (4)

The results for y and uk= y.Vq are

y 3 2y2

Y = "fY2 -Y2 (5)
(Y I yl • 4 ),

UA2,z k -1r- az ) Z\ a y 3x /

+ Y (LT1, any + Y4(anxv)()a -x + ay I +

There are 4 sets of values for yj...Y% since we expect 4 independent

internal strains of type A2 due to Vii. From (6) one c4n easily derive

the selection rules for inducing a desired term of

Internal strains due to external stresses have been studied for

some materials through the observation of forbidden X-ray diffra-
ctions4 . In prineiple similar techniques can be employed to manifest

internal strains due to forces other than stresses.
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INSTABILITIES IN THERMAL BATH : PHONON ENHANCEMENT AND SATURATION IN A

THREE-LEVEL SYSTEM

B. Fain

Chemistry Department, Tel-Aviv University, Ramat-Aviv, TeZ-Aviv, 69978, Israel.

Abstract.- The equations, determining temporal behavior of coupled electronic
iiU'poon subsystems in the electromagnetic field, are analyzed. The steady
state solution describing saturation of the three level in such a system is
achieved. It is shown that laser-like self-excitation of phonons cannot be
obtained though essential phonon enhancement may be gained provided certain
conditions are fulfilled. Field induced transparency is predicted between
first two levels when the field saturates ground and highest levels, and the
concentration of ions is high.

1. Introduction.- Usually, in various non-equilibrium processes, it is tacitly

assumed that phonons play a passive role. They form a thermal bath that is assumed

to be preserved all the time in its state of thermal equilibrium. But as it has been

stressed in paper [1] by the author, this is not always the case. Under certain con-

ditions or at certain stages of the non-equilibrium process, instabilities may arise

in the phonon system. These instabilities correspond to stimulated emission of

phonons. In the papers of Bron and Grill [2], observations have been reported of a

stimulated phonon enmi son achieved by the inversion of a three-level electronic

system of V4 i ions in A1203. The theoretical analysis of the three-level system

influenced by the strong coherent electromagnetic field, under circumstances when

phonons are not necessarily in the equilibrium, is the aim of the present paper.

2. Basic equations and steady state of the ensemble of inhomogeneously broadened
three-level system Interacting with monochromatic field and phonons.- The above

mentioned paper [1] of the author was devoted to the derivation of the equations

describing temporal behavior of the electronic subsystem coupling with phonons.
The specific exmple of the electronic system consisted of two-level subsystem was

explored. It is easy to perfom generalization to the case of many-level electronic

subsystem interacting with the electromagnetic field and phonons both. The corres-

ponding equations have the ftrm:

N. .j W or



C6-541

_ (;2 -h n , o ( 3 )b'Z ' 5 V_ R

Here a., - the density matrix of certain ion (defect) interacting with phonons of

the solid, E - its Hailtonian, V(t) - the energy of the interaction of this Ion
with the electromagnetic field; nq - man values of the phonon numbers with the
frequency iq and wave-vector q, Wq - the relaxation rate of n. to its equilibrium

q qvalue nq. Aqm - matrix elements of interaction operator between electronic system
and phonons. The sumation in (3) over (ik) means the summation over various ions

with various wik, i.e. the inhomogeneous broadening is assumed. The equations
(l)-(3) are the system of coupled equations for amn and n both.

We will assume that each ion has three levels En<Ek,m (or Just these levels
are essential for the problem). These levels are inhomogeneously distributed and
grouped with certain bandwidths. We suppose that the monochromatic electromagnetic
field ,'" e V o  co - ,- ; (v"): (4)

Is imosed on the crystal. Then the steady state solution my be looked for in the
foe a- e ot; n-n 0

tot where U . F do not depend on time as well as
Om ann' akk nd nq. From the equation (3) we obtain the steady state equation for
nq with the solution q(

Here

k v (6)I .'; *Z (,h IA ,,,,tk/ g ",,+) /

o.. 0kk are the man values of the probabilities of the states m and k and we
assume that

From equation (2), we obtain for the trasitlOn prob111ties tLdla tib

expressions

It is easy to see from Eqs.(3),(6) that the threlmd eomiftin of the self-excita-
tion of phonons has the form (see also [1])

,. a(10)"



C6-542 JOURNAL DE PHYSIQUE

This condition being satisfied, the steady state solution does not exist. It

can be seen from Eqs.(5),(8). since the quantities nq Wkm could not be negative.

To simlify the calculations we will assume that the temerature of the crystal

equals zero (or it is very low) so that n=O;. Wnk=Wn -O. As to W and Wk, we take

into account their dependence on aM  and akk. (We consider the situation when

Gm-'kk can be positive and may lead to the essential enhancement of nq andW km,
tmk, and at the sam tim ukk-ann and am-ann being negative cannot essentially

influence on the quantities Wnk, Wkn, Wnm- Wren). After transformations we
obtain frm (1)-(9) the following equations:

f 1[7(f -f)(L -2? 0I?~ (f?4 [7t, 0)C~? d]1j~.)(1
Here fr4V /PW; gy q/Wq; e-rmk/Wn; d-rVWk;

auii(0-gn)/(l-gn-d); akkuai-n, aul-2aIn+; W mrkk) (12)

The necessary condition for the inversion of the populations am and akk (n>O)

is Wkn >rmk or d<l. Solving equation (11) and finding n as a function of dimension-
less field strength f we can find all the populations ann, ukk and a. from (12).
It can be shown that g is proportional to the concentrations of ions (defects)[l).
In the case of low concentrations (gO) we obtain for n-af-akk and for ann -m the

usual expression describing the saturation in three-level system (see e.g. [3]).
3. Ceml wim.- According to (3),(5) .(1O) the threshold field corresponding to
self-excitation of phonons could exist provided 1-grnO is the solution of the
equation (11). But the analysis shows that such field does not exist. The first
conclusion is that in three-level system, the self-excitation of phonons cannot be
achieved. When the difference of populations n-omn-akk begins to increase with the
Increasing of the field f the number of phonons (5) and Wkm,Wk also increase.

This leads to the saturation of levels m and'k which in its turn prevents the ful-

fillment of the self-excitationconditIon (10).

The second conclusion is thatstillessential enhancement of the phonon numers
may be achieved for g>1: nq+ >>I (for p>l); "q= V >>I (d<g-2).

The third conclusion is that at large enoah concentratign (when g>>l) we
should anticinat, the uencfig of, t lA"r effect at the levels n A since the

difference of (inverted) populations n -ui-Oak tends to zero when the satwrtion
affect between levels m and n holds (f 2>>): V,-(l-d)/g-3d(l-d)/g (g>>) and

And last, but not least, we predict field induced transparency in the first two

levels n and k of three level stm, fte field satWgts levels nuand * and >>l.
In this case a:n-akkuq.O when #- wMle the a "'ption of the probe tight signal
(at the frequenc, e , pradrtj l -4. .o. ...

1. S. Fain, Ptws. bv. (in press).
2. N.E. Bir and V. Grill, Pmdt v Lett 40 T#59(1978) V4Bf. is hono

Scattering in Condone btter ed. by Hu9vey 1. Wts, Plenum PtssN.Y.(196).
3. 3. Fain, V.I. DMan,Quantum Electoics.Vol.I, Pergamon Pres, Oxford (1969)..j
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IMPROVED ENERCY RESOLUTION WITH NEUTRON SPIN ECHO TRIPLE-AXIS

SPECTROMETERS

C.M.E. Zeyen

Institut Laue-Langevin, 156X. 38042 (Greowbe Cedex, France

Abstract. - A spin echo option added to a classical Triple Axis spectrometer
is capable of significantly improving the Energy Resolution. The design and
construction of such a machine is described. In particular it is shown that
intensity problems can well be overcome by using new focussing polarizer/
analyser devices. The method has proven to be very successful for high reso-
lution quasielastic scattering. Preliminary phonon experiments With the aim
of lifetime determination have been performed.

Introduction. - Neutron Triple-Axis Spectrometers (TAS) have been a very productive

and rather unique tool for the investigation of dispersion surfaces in solids.

Furthermore in certain caets the same technique has been useful to determine the

energy linewidth of excitations. In general, however, the latter applications are

handicapped by the limited resolution characteristics of TAS.

Their energy resolution is determined by the beam col4imations and monochroma-

tisations necessary to precisely measure the neutron energies and momenta before and

after the scattering process. Hence the practical limits are conditionned by the

limited flux of the available contineous neutron sources. In practice relative

energy resolutions- of about I Z are typical (Eo is the incident neutron energy).

Thus the very best energy resolutions (% 50 ujeV JV( are obtained with very low

energy neutrons with the corresponding limited momentum transfer obtainable.

The neutron spin echo (NSE) technique proposed by Hsaei | , if added to a Triple

Axis spectrometer can be used to improve the energy resolution significantly. This

is due to the fact that in USE rather than obtaining the excitation energy as the

difference between incoming and outgoing neutron energies it is measured directly.

The principle of the method is analogous to the spin echo method used in No12 with

the difference that the time variable is replaced here by a spatial variable : the

distance the neutrons travel through magnetic fields with their spins executing

Larmor precession.. The total ammout of precession .gl accuswlated by one neutron

is proportional to the tine spent in the field and the intestal of the magnetic

field along its trajectory. Thus the well polarized incoming neutron baen will
quickly loose its polarization due to its velocity spre but the LOrmor pbppo opgle
of each neutron spin taken separately will still rein a "ar of ,its ?i! energy.

By arranging two usqetic field areas before and after the scattering ssiple

in swh a way as to produce preeeoim in opposite sease and properly tnie the

* r
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difference in field magnitude to the neutron energy change by the inelastic process

under study one can recover the mean beam polarization at the end of the second

magnetic field area. This is called obtaining the "Echo". The decay of this final

NSE polarization as a function of magnetic field asymmetry around the Echo value

can be shown to be related to the energy width of the excitation studied.

The resolution of such a spectrometer is improved by increasing the number of

Larmor precessions through stronger magnetic fields. The limit is set by the obtain-

able field homogeneities. Indeed field inhomogeneities introduce parasitic Larmor

precessions which may destroy the final NSE polarization.

The spectrometer. - The basis of our NSE TAS is the thermal neutron triple-axis
3

spectrometer DIO of the I.L.L.. In its classical mode of operation the spectrome-

ter is equipped with sets of both PG and copper vertically focussing monochromator/

analysers. The useful wavelength band is inbetween I and 3.5 angstrom and below

1.5 R the cut-off of the curved neutron guide is indeed very useful because X/2 fil-

ters are not needed. This is a particularly relevant feature where Heusler crystals

are used as the second order reflexion is very strong.

M

" it

Fig. I Schematic arrangement of the spin-echb TAB
M : focussing crystal sonohromtor/polarizer
A : focussing crystal analyser/spin analyser
D : detector
S : sample
w : spin-turn coils (the coils o, the sample can be replaced by a single w
7 coil) 2

HB 1 2 t precession fields.

In order to transform the spectrometer into a polarization analysis spectrome-

ter vertically focussing composite Htusler systems were especially developed for

this purpose. these systems give a focussed beam of 30 x 30 ma cross section start-

ing from a white beas of 120 x 30 ma. The pOlbrigation efficiency obtained is 96 2.

The final polarisation of the spectrometer iticluding the flipper efficiency reaches

92 Z provided tie aaple presints no spin incoherent scattering. In order to keep

the spectroeter rather compact an tr6 core precession magnet-type with the field

'ttissase to the neutron trajectories was chosen. The sagnets have a wide window

ti tm ion tote dia6maiofed so that the iron does not saturate anywhere at maximum
field. hbe wtindie swre chosen of the racetrack type becase they give a maximm

of bmoegamity. The mazf field in the magnet gap is 1.5 k Oersted. for particular

i. .
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small sample geometries extra pole pieces may be added to give a maximum field of 3 k

Oersted. For NSE the relevant property of the precession magnets is the line inte-

gral of the magnetic field H along neutron path and over the distance I where the

neutron spins are allowed to precesa around the field direction. This integral was

calculated to be aboutflHdl n 5.104 Oe.cm the value depending of course on the

precise integration length Z. In practice and at maximum field the value of

5.63.I04 Oe.cm was found. This corresponds to 1000 Larmor precessions for 2.4A

(N = 7.37.10- 3 AfHdf). This number of precessions N has to be as homogeneous as pos-

sible for all neutrons of identical wavelength. For our magnets experiments have

shown that practical beam sizes lead to a loss of NSE signal of about 30 Z at maxi-

eum field mainly due to field inhomogeneities. Further experimental details can be

found in
4 .

Performance and results. - From the point of view of polarized neutron flux the pre-

sent solutions are very satisfactorily. The flux loss with respect to the standard

graphite crystal monochromator/analyser is of a factor 5 only.

The quantity measured in an NSE experiment is the beam average of the final

NSE polarisation. As extensively discussed in this quantity is related to the

scattering function S(Q,w) of the sample by

- PfS(Q,&) cos wt dw

where t is a Fourier time variable depending on the machine constants and the inci-

dent wavelength. P is a normalising polarization which contains eventual changes of

polarisation by the sample. This relation can be specialized to particular scatter-

ing examples. For quasi-elastic Lorentzian scattering the polarisation is just giv-

Pb S -Prexp (-rt)

where r is the linevidth parameter of the Lorentzian.

For phonon linewidth studies the measured polarisation is given by

PNSR - Po coo 2w (NI-N 2 )

where NI and N2 stand for the mean numbers of spin precessions in the initial and

final beam. The quantity P describes the decay of the echo signal as a function of
0

NI and contains both the energy width of the classical resolution function of the

spectrometer as the standard deviation of the phonon lineshape.

The resolution function of an NSE spectrometer is given by the decay of the MSE

polarisation with increasing precession field strength. Fig. 2 shows a typical reso-

lution curve of DIO-NSE for an incident wavelength of 2.4 J1. One sometimes defines

the spectral resolution which gives rise to a 5 X change in Pm at the maximmi

Fourier time to obtainable. In our case this quantity reounts to 0.3 ueV. We have

verified that for quasi-elastic scattering this is indeed measurable.

Concerning the measurement of phonon lifetime only very preliminary measure-

ments have been mode. It cam be stated that there is no experimemtal problem for mon

dispersive branches although the data treatment and corrections are mot yet eomplete-

ly mvder control. NoTe experimentation is needed to determine the resolution
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improvements obtainable for strongly dispersive

phonon branches.

F ig. 2 Example of D10-NSE Resolution as a func-
0166tion of the Fourier time (), . 2.4 1).
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PHONONS IN MOLECULAR CRYSTALS

G. Venkataraman
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Abstract.- his paper reviews recent developments concerning
phonons in molecular crystals.

1. Introduction.- A molecular crystal may be operationally defined as

one in which there exist well-bound groups of atoms. In this paper, a

broad survey is given of recent developments concerning phonons in

such crystals. b start with, these developments are viewed by analo-

gy with similar happenings earlier for 'simple' crystals. Later,

features (like rotations) specific to the presence of atomic clusters,

are given special attention.

2. DLspersion ury'es.- As in the case of simple crystals, a serious

study of molecular phonons commenced only when efforts were launched

to make con .ete maps of dispersion curves. .bwever, since the nunber

.. ... .. .. ..... -. ... . ,
A.

z 120 , ~ t
9-.

t "30 Fig. I Phonon dispersion

curves for naphthalene
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of branches (even of external modes) is usually large, such experi-

ments are time consuming and therefore confined to the large reactors.

Figure I shows the results for naphthalene , and probably represents

the limit attainable at present. Other crystals similarly explored in

detail include anthracene and TCNE. TI a few cases, e.g., anthra-2
cene , neutron scatterers have ventured to go even further and study

eigenvectors. bre, for instance, it was possible to establish the

extent to which the butterfly and twist internal modes (both of P4
symmetry), become mixed in the crystal.

3. Shell model.- On the theoretical side, one has witnessed the emer-

gence of a molecular shell model 4 .  As in the simple shell model of

Qbchran, one first visualizes the (polarizable) atoms in the molecule

to be composed of cores and shells. 1b simplify matters, one next

supposes that all the cores in a molecule are rigidly tied as also the

shells. fbwever, relative motion between the two clusters is permit-

ted. The dynamical matrix now gets enlarged as below:

CORE - CoRE caqE - SHELL

TT TR TT TR

SMELL - CORG SHELL - SH EL.L

TT TR TTTQ

RT R _T R P

Uflike the Cbchran shell model, the molecular shell model is yet

to find extensive use. Hbwever, experimental results currently becom-

ing available seem to be increasingly favouring the use of this model.

4. Ab initio calculations.- Ab initio calculations in molecular crys-

tals in the sense of starting from ions and electrons hardly exist, in

sharp contrast to, say, the metals. Wat is more common is to make

calculations based on assumed forms for atom-atom interactions.

Initial work concentrated on non-bonded interactions. The potentials

were usually assumed to be of the Ebckingham - 6 exp type, the para-

meters often being derived from Idtaigorodsky. It is important in

such calculations to ensure that the static configuration about which

1~772
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the dynamics is calculated, is an equilibrium one. Chaplot et al5

have drawn attention to the implications of this vis-a-vis the so-

called self-terms in the force constants.

Nphthalene1 '6 has received much attention, especially in the

context of comparison with experiment. It has generally emerged that

while Ebckingham-type potentials are by and large useful, '%#e are now

near the stage where a more sophisticated model of the intermolecular

forces is required . A somewhat similar programme of calculation

(and limited comparison with experiment) has been implemented by rho

et al7 for G.-KN 3 . A notable feature of these calculations was the

explicit evaluation of the various cbulombic contributions via the

detailed expressions given for the molecular case earlier by Vnkata-

raman and Shni8.

Mt infrequently, near-neighbour interactions involve hydrogen or

covalent bonding, and in such cases one must obviously make modifica-

tions to the above scheme. One example of such a crystal is solid

chlorine. R-re, initial attempts via Eckingham-type potentials
9

failed . The crvstal was never stable. Thereafter, Psternak et al O

introduced bond-charge tyne interactions (similar to those used

earlier in diamond) to take care of covalency effects. The success of

such an appr9ach may be judged from fig.2.
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5. ttlecular dynamics.- Mother development of significance is the

study of phonons by molecular dynamics. Klein et al have used the
technique to study solid-N, solid 1 -O, DCI and CH. In N -0'

the structure is similar to that of the famous A-15 compounds. It
consists of linear chains of disordered "disk-like" molecules along

001 directions and spherically disordered "sphere-like" molecules

on a bcc lattice. Broad features related to these two distinct types

were detected in the simulation studies . In CP 4 , dispersion curve
13plots were obtained as in fig.3 . It was inferred that the potential

used (deduced by V&lliams from crystal structure of aliphatic com-

pounds) gave too soft a crystal. Mother useful finding of this work

was the general validity of the theory of neutron scattering from

plastic crystals as given earlier by rblling et al4

Flq.3: Dispersion curves
/ 0for-solid methane obtained

/ by simulation (after ref.

I *

0 _ 1.0 0 05

ownftr (2w/a)

6. Fttations.- 1he rotational behaviour of molecules is essentially
controlled by the potential they see in the field of their neighbours.

Considering the single-particle behaviour first, the quantity of

interest is Vi(C4it), the net orientational potential seen by the

ith molecule at time t. This potential can be expressed as the sum

of a static and a fluctuating (time-dependent) part. The scenario

that emerges depends very much on the relative magnitudes of the

rotational constant (K2/2 I), the temperature, and the static and

fluctuating components of V. Figure 4 illustrates the energy-level
scheme for a rotor in an orientational potential. Examples of such
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behaviour are now available. Particularly in (NH4 )2 nC36 , rager
15 H 2 6

et al have demonstrated the presence of both librations and tunnel-

ing. lbrning next to coupling between rotations, an interesting

example is provided by the work of Sbod et al16 who have noted the

possibility of coupled reorientations of two ions (between two

available configurations) in a flip-flop mode.

Bates et al16 have examined the role of ammonia rotations in

transition metal hexammine halides M(NP, )6 XY. These crystals have

the CaF 2 structure; all show phase transitions, which, it is believed,

is connected with the freezing of the protonic motions in N. The

ENERGY LEVELS OF UNIAX. ROTATOR

~FREE
ROTATOR SPLIT By

TUNNELIN i 4 Ehergy levels of
uniaxial rotor in a crys-

FREE 

talline 
field.

HARMONIC

OSc.

1,

calculations of Bates et al support this view, and are in general

accord with Raman experiments.

Th KCN, the analysis of the rotation-translation coupling has
been taken to further levels of sophistication. Since relaxaton

effects are specifically in focus, the familiar Ebrn-von Karan

equation

M W' j,) Uq) D( 411) U (qc)
(1)

is inadequate. Let us first recasb (1) as
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(2 LL C Z) = i(P (t ) (2)

where z is a complex frequency, and

-tf (3)
When many dynamical variables are present and relaxation effects

occur, (3) gets extended as

(zi A 0 + )''C)= -C (4)

where Z is the relaxation matrix and %X(o) is the static suscep-

tibility. Equation (4) is the !bri equation.

In KCN there is a phase transition at 168 K to an orthorhombic

structure, with CN- (which were initially disordered), becoming
18parallel to the b axis. Mtchele et IL have successfully used the

above formalism both to explain the anomalous decrease of C as+ 119 44
T.)Tc , and the neutron scattering results of we et al 1 9 

* In

particular, they have been able to show why a central peak is absent

when q is small and is present when qi0.5 BZ.

0 (- .5.2.0.0.

2399

.0 Fig. 5 : asured and cal-
ofl2OsV culated phonon profiles in

KCN near T. Nbte the

central peak (after ref.19).

tw, 1mev)

It is obvious from the above that one now knows a gooa deal more

about rotations of molecules in cryseals. I n particular, one is now
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able to get a detailed feel both via theory and experiments about how

rotations can influence structural changes.

7. Fluctuation !bectroscopy.- Finally, a brief reference will be

made to intensity-correlation spectroscopy2 0 as a possible tool for

studying slow molecular motions. The idea is as follows: (bnven-

tional spectroscopy is restricted in the study of slow relaxational

processes since the latter produce negligible line broadening. Sip-

pose now that besides the usual rapid fluctuations, there is a slow

component on a very different time scale. When intensity in a spec-

tral band is measured as usual, the experiment will average only over

the fast relaxation modes. A s such, repeated measurements at the

same spectral setting will yield a slowly fluctuating intensity I(t).

Fkom the correlation function 4Z(o )I(t)),the relaxation time of the

slow fluctuations can be determined. 1hus, one can envisage tagging
a molecule by its internal vibrations, and studying the (slow) rota-
tional dynamics by correlation spectroscopy. It is pertinent to
mention that correlation spectroscopy is already popular in other

fields like chemical kinetics and biophysics. tbpefully, one will
hear about application to phonons in the nexc Conference.

4-- -

__I-

Fa. 6: Sihematic illustra-
tion o intensity fluctua-

, .i tion spectroscopy. The box
_____________ _, ,indicates the essence ofT? n N 4f sitf conventional spectroscopy.

* In - 4t St in
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VIBRATIONAL SPECTRA OF SOLID AND LIQUID SULFUR

Y. Sasaki * and Y. NiahinaC

Depar~nent of Phjiaioa, U'niversity of California, Irv~ine, California 9271?,
U. S.A.

* The Research Insti*tt for Iron, SteeL Zad other metals, Tohokas Uni'.vesity,
Sendai 980, Japan

Abstract.- We have measured the Raan spectra of intermolecular, vibrations of
sulfr in the temperature regions of orthorhombic-sonoclinic, solid-liquid, and
polymerization transitions. The evolution of the Raman spectrum at the first
phase transition is discussed in term of the disorder-induced Roman scatter-
ing. The Roman spectra in liquid suggest ordering in the liquid phase. The
appearance of the Sn-polymar above the polymerization temperature changes the
slopes of the exponential Raman spectra in the liquid.

1. Experiment.- The Raman spectra mere measured by conventional Raman scattering

equipment with a Be-We laser and by a system designed to obtain spatially-

resolved Roman spectra with an Optical Multichannel Analyzer (OKA) and an Ar+ laser
(5145A). in the latter case, a mample cell was placed, in a vertical oven with the

temperature gradient of about 10 deg./um along the vertical direction. Then, the

temperature dependence of the Raman spectra across the liquid-solid phase boundary

* was obtained from the spatially-resolved Raman spectra with the spatial resolution

of 10 U~. The use of the OlGA system made it possible to determine the temperature

dependence of the Roman spectra very quickly with a small temperature increment of

less than 0.5 K. All the data were taken withI I I I
- Is) 319 K

99.999 Z sulfur sealed in a glass cell in i back

scattering configuration. I
2. Results.- Figure I shows the depolarized Rean 4

spectra of (a) orthorhombic (a), Wb monoclinic ~ (1)30
(0), and Wc liquid (9) sulfur that were measured r
when me inc~reased the tsapersture from 290 K to 0

above the melting point Tm u:391 K. The Raman

spectrum for a-sulfur in Fig. l(a, agrees wall

with the results of Anderson and Loh.') The Ran. (d s ta

bands at 83 and 153 cm4l hay been assigned to
intramolecular vibratidas of the ___________to__00_M ____0
Intemsletmiar vibrationsa are responsible for the STOKE SHIFT (car')

other parts of the spectra in Fig. 1. The spectrum Fig. 1. Depolarized Roman
in Fig. 1(4) ws taken at the sam tesperature as spectra of sulfur. The peak,

fig. 1(b), hut the two spectra are quite different. G stemncrwtrSot

+Ferusment address Tohoku University, Sendai 980, Japan



C6-558 JOURNAL DE PHIYSIQUE

The reason for the difference &rises from the fact that the sample for Fig. 1(b) vas

obtained through the a + II phase transition at about 369 K while the crystal for

Fig. 1(d) was solidified fro, liquid. The quality of the B-sulfur obtained by the

solidification of liquid is expected to be better.

Figure 2 shovs the spatially-resolved Raman spectra across the liquid-solid

phase boundary. The data were taken for five different temperature regions at 0.5 K

intervals simultaneously. Figures 2(a) and 2(b) correspond to the B-, and 2(d) and

2(e) to the 11-sulfur region, respectively. Since the resolution in Fig. 2

(a 7 cm'l) is not as high as in Fig. 1 (w 0.75 cmu1 ), the fine structure in

Fig. 1(b) is not resolved in Fig. 2(a) or 2(b). The intermolecular Raman band

appears at the sam frequency (a 37 c4m1 ) for AT =_T? - T - 11 X (Fig. 1(b)),

AT - 1.0 K (2(a)), and AT - 0.5.K (2(b)). The width of the band, furthermore, stays

almost constant from AT - 11 K to AT -1.0 K, and it increases slightly at

AT - 0.5 K.

Figure 3 shows a logarithmic plot of the Raman spectra of the liquid. The

spectral shape is approximated by

I -exp(-l) ,(1

where ho. and A denote the Stokes shift and a

constant, respectively. Hu .mps at 40 and go cu 1

however, are superposed on the exponential curves W)Ni
in the low temperature spectra for T (4510 K. The*

80 cm'- hump is due to an intrinolecular W W

vibration. The intensity of the bump at 40 cn'- (b

decreases with temperature, and the hump dis-
appears above 440 K. Figure 4 shows the t)st

to) KG LAD VMFUM

STOKES SHIFT WmI
Fig. 2. Spatially-resolved

ga~~ .Raman spectra of sulfur across
. -the solid-liquid phase

I- . *...boundary.

.4 -

Fi.3as artmpo of T" "0K)

ftiin speare of I-sulfur.
Vertical displawsts of the Fig. 4. Temerature depend-
spectra bof hie moadk for once of A in,.&-sulfur.
clarity.
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temperature dependence of A as deduced from the slopes of the straight lines in Fig.

3. The melting point, T., and the polymerization temperature, Tp = 432 K, are shown

as a reference in Fig. 4.

3. Discussion.- Since one-third of the SO molecules of 8-sulfur are twofold

disordered at T > 198 K,2) the broad intermolecular Raman band of B-sulfur centered

at 37 cm-1 , similar to Fig. l(b), was attributed to the disorder-induced one-phonon

scattering due to the breakdown of the k-selection rle. 3 ) The intermolecular Raman

spectrum of the sulfur solidified from liquid (Fig. 1 (d)) is similar to the

spectrm of a-sulfur rather than that of B-sulfur obtained through the a * B

transition (Fig. 1(b)). This fact seems to suggest that the degree of disorder is

lower in the B-sulfur obtained by the solidification than in the sulfur procured

through the a + B transition.

The position of the hump (40 cm-1 ) in the Raman spectra of the liquid agrees

well with the Stokes shift of the disorder-induced Raman band of the solid. The

observation of this hump indicates that order in liquid sulfur exists over the range

of a few molecules at T 440 K.

As shown in Fig. 3, *-sulfur shows an exponential Raman spectrum in contrast to

many kinds of molecular liquids, which show non-exponential spectra approximated by

w12/7 Xexp(- he/A, 4 ) for instance. The exponential spectra have been observed in

atomic liquids. 4 95 ) According to the theory of collision-induced Raman scattering

in liquids, the exponential spectra suggest that the molecular frame distortion

does not play an important role for the collision-induced polarizability anisotropy

compared with the contribuation from the electronic overlap effect.
The theories available for the interpretation of high frequency Raman scattering

in liquids predict that the value of A in Eq. (1) is expected to vary as A" 01 r )

or q/[l - (2/w)arctan j#'2i7 ,4) where c is the energy constant for the Lennard-

Jones potential. Figure 4 , however, shows that A varies more rapidly than ',
especially above T . Gee 6 ) has reported that the weight fraction of Ss-rin in the

liquid decreases above Tp while the fraction of So-polymer increases abruptly, and

the fraction of polymer reaches 50 2 at abou; 510 K. The extraordinary increase in

A above Tp. therefore, m" be attributed to the appearance of polymeric chains.

Ackaoldser.-The authors would like to thank Prof. S. Ushioda for valuable

discussion, Tis work wes supported in part by a Grant-in-Aid for Scientific

Research (1979, 1980) from the Ministry of Education in Japan and by a grant from

the National Science Foundation (Oft 80-11435) in the U.S.A.
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PHONONS IN THE DNA DOUBLE HELIX*

S.W. Prohofsky, L.L. Van Zandt, N. lohli, K.C. Lu, M.N. Nei and B. Putman

Dept. of Phyeics, Pur*e University, West Lafayette, IN 47907, U.S.A.

Abstract.- We have calculated a model for the phonon modes of the DNA double
helix. We have used these modes in a number of applications to biological
problm which use lattice concepts such as soft modes, local modes and quasi-
momentum.

1. Phonons.- The double helix is a long chain polymer made of units called base

pairs. There are four possible base pair units and these units contain two hydrogen

bonded bases and two backbone segments. The backbone segments are identical. DNA

can be produced in which the base pairs have a repeating structure.' For long poly-

mer DNA's a screw axis operation is a symmetry operation, and the vibrational normal

modes can be characterized as traveling wave phonon bands. We have used standard

lattice dynamics methods to calculate these phonon bands. The polymers can carry
out many biological functions and one can learn much about these mechanisms by
studying the polymers.

The unit cell in the double helix is still large. We have used a common ap-

proximation which assumes that'all hydrogen atoms are rigidly bound to their bonded

atom. This reduced the nmber of degrees of freedom by about half. Even so in the

simplest polymers the secular determinant is - 120 x 120. More complicated homo-

polymers exist in which the repeating unit cell has several base pairs and the ma-

trices here are several times 120 x 120.

2. Force Constants.- An initial estimate of the force constants was taken from re-

fined values for the separate chemical entities which make up the bases, backbone,

ate. The choice of constants followed the traditional valence force field choices.

Calculations were made and the force field was refined by fitting to Raman and in-

frared data on the vibrational modes of the helix. The size of the unit call re-

quired the development of new refinement procedures. The Reman end infrared data

were limited to frequencies above 200-300 cw l and only fairly strong force con-

stants such as compression and angle bend constants could be refined with any con-

fidence. In addition to the valence force field constants which are tied to chemi-

cal bands and link nearby atom, we have also studied "nonbouied" Isteractons.

These interactions are Important In determining the conformation of the helix. The

acoustic velocity along the heliX was determined by Brilloui scattering. This vel-

ocity m fitted for several models of the nonbonded forces. The results indicated

*This work supported by NSF DHR 78 20602, NIH GM 24443, FDA
FD 00949 and USAF S33615-78-D-0617.

I _ _
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that long range (electrostatic like) forces were needed to explain the observed

velocity. These long range forces have also been incorporated in our calculations

of the phonon bands of the double helix.

3. Soft Modes.- Conformation changes play an important role in biological pro-

cesses. We have used the method of soft mode analysis to explore the onset of con-

formation change. The double helix undergoes a B - A conformation change when the

polar nature of its environment is reduced. We have calculated the effect of re-

duced polar shielding on our electrostatic nonbonded interactions and found that a

soft mode develops in one DNA polymer that does undergo the conformation change.

No soft mode developed in a polymer that does not undergo the transition. The soft

mode displacements were a good predictor of the displacive changes in the transi-

tion.

4. Melting.- In some biological processes the base message of DNA is e.ad. This

requires a partial separation of the two strands and this is called melting of the

double helix. Using our calculated eigenvalues and eigenvectors we can plot the

amplitude of the stretch of the hydrogen bonds that hold the strands together as a

function of temperature for several MDK polymers. We have established an empirical

Lindeman's law of helix melting based on these amplitudes and comparisons of ob-

served melting temperatures. We believe that this can be used to explore whether

phonon emission by enzymes can Influence localized melting without the creation and

disruption of strong chemical bonds. The modes Involved in stretching the H-bonds

Lre at : 70 cm in our ce culations.

5. Local Ydes.- The double helx has many special sites which act as initiators

and terminators of reseing processes. The probability is high that these regions t
have unique dynamic properties which can bring about altered conformations or en-

hanced tendency to melt. Unique dynamic properties can on a simpler level aid in

recognition by enzymes. By assuing the unique featire to be an impurity in an

otherwise perfect lattice the local mode Green function method can be used to deter-

mine the local modes associated with the unique features. We have carried out a

local mode analyais of the terminus of a helix by putting in the negative values

for all the force constants that connect a particular two base pairs. End mod"

were found which were localized to the first few base pairs from the terminta. The

hydrogen bond stretch mode* were effected and the ru amplitude was : 2 times that

for a central base pair indicating an enhanced tendency to initiate melting from a

terminus.

6. Quasi-Vomentua Consetvation.- In many biological processes ensymes move along

the double helix. We have boon interested In what can be learned about aeh pro-

ceases by analyzing the way in which real aowstum and quasi-mmeatub are conser-

ved. One should be able to describe the processes of propulsion in trms of prO-

ceses by which enzymes emit phonons into the helix. One very Interesting but far

out speculation has &rism in this context. In our calculations on several =A
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polymers we find that a few bands occur which have large amplitude of H-bond

stretch associated with melting. These nodes have negative group velocity as well.

We have proposed that the emission of wave packets in these bands by certain en-

zymes may be responsible for both the propulsion of the enzymes as well as aiding in

maintaining and propagating a melted region of helix near the enzyme. These phonons

emitted preferentially in the forward direction would both increase the H-bond

stretch amplitude and cause a forward recoil in the emitting enzyme due to the

negative group velocity. From the calculated band energy one can estimate the maxi-

mum momentum vs energy and very small amounts of energy can give rise to more than

enough motive power. The energy needed is much less than energy known to be de-

graded during processes associated with enzyme motion in which high energy bonds

are dissociated and lower energy chemical bonds formed.

7. Interaction with Surroundings.- The double helix is always surrounded by vary-

ing amounts of water and counterions. Removal of this water and counterions causes

the helix to denature and change to a random coil conformation. We have carried

out several calculations aimed at taking into account the effects of interaction

with water and counterions on the vibrational modes. The first approach has been

to treat the water as a continuous fluid whose reponse to motion is governed by the

Navier-Stokes equations. The helix is treated as a continuous cylinder with vibra-

tional properties determined by our lattice solutions. The motion of the water

boundary layer is made to conform to the notion of the helix boundary and the self

consistent solutions of the complex are solved for. The results indicate that the

longitudinal acoustic mode for one helix in much water is critically damped below

200 Gz. Similar calculations for many stacked helices indicated reduced damping. i
Ano ier approach we use is to calculate the behavior of water near a helix by using

molecular dynamics methods. The water is fouiid to order. We plan to determine the

water behavior for a distorted helix which mimics the oscillatory motion of the

helix. Such calculations have been done with free counteriouns in the system as

well.

8. ftcrowave Absorption. - The acoustic modes of the helix span the microwave

region and we have calculated the probable absorption because of the concern over

genetic hazard of microwave radiation. Using our solutions for DNA in water these

overdamped bodes give rise to a broad absorption = 40 times that of water per equi-

valent mas . Observations in good agreement have been reported. In chromosomes

the DNA is wound into nucleosomes which can be resonant structures for absorption

into acoustic modes. Little water is present and the damping is small. We calcu-

late that mncleoenmes could resonantly absorb at : 50 GHz. The actual rate of ab-

sorption is still unknown as the behavior of the water in such a concentrated

syste is unknown.

7:7
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DYNAMICS OF PHONON INTERACTIONS IN ORGANIC SOLIDS

P.N. Prasad

Department of Chemstry, State University of New York at BuffaZo, BuffaZo,
New York 14214, U.S.A.

Abstract. - Investigations carried out on three aspects of phonon interactions
are presented in this paper. The phonon dephasing induced by anharmonic
phonon-phonon scattering is investigated by temperature dependence of
linewidths, lineshapes and frequencies in the Raman spectra. The dephasing
of phonons in organic solids is found to be primarily caused by a Tj-
relaxation involving a three-phonon inelastic scattering. Second.1a similar
investigation on dephasing of vibrations within the molecule suggests that
for these intramolecular vibrations with frequencies greater than twice the
Debye cut-off frequency. it is the fourth-order anharmonic coupling with
phonons leading to an elastic scattering which provide the dominant mechanism
for dephastng in organic solids. Finally, the role of phonon interactions
in determining solid state reactivity is discussed and a new concept of
phonon assisted reaction is introduced. A thermal intermolecular reaction
is found to be assisted by a phonon mode softening. A photochemical dimeriza-
tion reaction is shown to be assisted by a strong-electron phonon coupling
In the excited state whereby a polaron Is formed.

Phonons in organic solids are lattice vibrations derived from hindered

external motions of both rotational and translational characters. Phonon interac-

tions play an important role in determining physical and chemical properties of

molecular solids.' This paper presents the results of investigations on three

aspects of phonon interactions: (i) phonon relaxation and dephasing induced by

anharmonic phonon-phonon scattering; (ii) phonon induced dephasing of intramolecular

vibrations (relative atomic motions within the molecule); and (iii) phonon

assisted solid state reactions.

The dephasing of an optical phonon can occur by two mechanisms: (a) T1-re-

laxatton caused by an inelastic phonon-phonon scattering which also leads to a

population relaxation; (b) T;-relaxatlon caused by an elastic phonon-phonon

scattering which creates only a phase relaxation. The T-relaxation can occur

by both third and fourth order anharmionic interactions, where as the leading

contribution to the Tz-relaxaton is derived from the fourth order anharmonicity

term. We have investigated the nature of ohonon dephasing by studying the
temperature dependence of the phonon frequencies, lineshapes and linewidths of

optical transitions in the Ra.an spectra in the range 20K to room temperature.

The 2"K linewidth and 1lneshape are assumed to represent the 01K limit. To

correct for the finite slit width, a computer convolution simulation program was

developed. Such a study for the 33 cm'1 Ramn active phonon of n-dichlorobenzene

-i_____________________ ____
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shows that the lineshapes are Lorentzian at all temperatures. The linewidths

(corrected for slit width) are obtained as a function of temperature. A theoretical

fit for these data points is provided by a model which assumes a TI-relaxation

of the optical phonon (33 cm-1 ) into two phonons of half the frequency. This
fit of the relaxation into such a simple model appears to hold only for very low

frequency optical phonons which can decay into acoustic phonons having a monotonic

and smooth-density of states distribution. In the case of naphthalene optical

phonons (w>55 cm-') it is found that one has to use a combination of T1-relaxation

processes to account for the observed temperature dependence of the linewidtn.
2

In structurally disordered crystals it is found that the phonons still remain

delocalized and a temperature dependence study can be used to separate the

linewidth contributions due to disorder and that due to anharmonic interactions.

The general conclusion of this study is that the dephasing of optical phonons in

organic crystals occurs predominantly by a T1-relaxation involving cubic anharmonic

interaction terms. Also, another general observation is that the higher the

phonon frequency, the faster is the relaxation time. This result can be explained

by the increased number of relaxation pathways which become available at higher

frequencies.

An important approximation used to describe the lattice dynamics of organic

crystals is the rigid-body approximation which decouples the external lattice

phonons from the Intranolecular vibrations. Coupling between the intramolecular

vibrations and the lattice phonons play an important role in dephasing of the

Intramolecular vibrations in organic solids. Again temperature dependence of

the llnewldth, the lineshape and the frequency of an intraolecular vibration

observed in 1e Raman spectra is used to investigate the vibrational dephasing.

It is found that for a vibration whose frequency is larger than twice the Debye

cut of frequency, the dephaslng is predominantly caused by an elastic scattering

with phonons involving a mixed mode fourth order anharmonic interactions. This

process requires population of phonons and, thus, are highly inefficient at

liquid helium temperatures giving rise to sharp spectral transitions of Intramolecu-

lar vibrations at the liquid helium temperature.

The third aspect of phonon interactions discussed in this paper is the

concept of phonon assisted reactions introduced recently by this research group.3

This concept also unifies the understanding of both physical and chemical

transformations in terms of importance of phonon interactions. Ue show that,

like phase transitions in solids, a thermal reaction can be assisted by node

softening which leads to overdamped large amplitude oscillations. Such large

amplitude motions can provide pathways for the reaction to occur especially if

the reaction is intermolecular in nature. The case of thermal rearrangement

reaction of methyl-p-dimethylamlnfobenzene sulfonate which involves an Intermolecular

transfer of a methyl group was investigated by the Raman phonon spectra. The

tU
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softening of a phonon mode of frequency 25 cmi' was observed supporting the

concept of a phonon assisted thermal reaction. Similarly, a photochemical

reaction (particularly dimerizatlon and polymerization) can be assisted by a

strong electron-phonon coupling which can trap the excitation as well as provide

a preformation of the product lattice configuration. The photodirerization

reaction of 2,6-dimethylbenzoquinone was investigated. The 60K electronic

absorption spectra of this crystal showed most of the intensity in the phonon

side band as compared to the zero-phonon line. This clearly Indicated the

formation of a polaron due to strong electron-phonon coupling. Thus, the reaction

is assisted by the formation of a polaron.

Finally, our work shows that phomon spectroscopy can be used in a mber of

practical applications. The phonon spectra can readily be used to identify

various polymorphs of a solid drug. It can also be used to investigate if a

reaction procees by a homogeneous mechanism where the reactant and the product

form a solid solution.
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HARMONIC DYNAMICS OF ANTHRACENE AND NAPHTHALENE CRYSTALS

E.L. Bokhenkov, A.I. Koleanikov, T.A. Krivenko, E.F. Sheka and V.A. Daewntjev*

Institute of SoZid State Physics, Academy of Sciences of the U.S.S.R.,
ChernogoZovka, U.S.S.R.

*Timyazei Academy of Agriculture, Mosco, U.S.S.R.

Abtacts A method has been proposed for calculating both
the dispersion and density of states of aultizaode phonon
spectrum of molecular crystal.

The following solution of the dynamical problem of anthracene

and naphthalene crystals is based on the method advanced by Taddei et

al.(l ) of constructing the dynamical matrix in the basis of internal
and external coordinates of a free molecule.

Phonon aygotrua in r-ipoint.- Substitution of four equations of
the 36th (anthracene) and 27th (naphthalene) orders for the secular

equations of the I'4th and 108th orders, oorrespondingly,enables

exact numerical computation of the dynamical problea.The computations

resulted in obtaining the values of 141 and 105 optical frequencies

at q=O and revealed considerable gas-crystal shifts of the frequenp-

cies (-20 o - I and -4 on-c for out-of-plae and in-plane free oleou-

le vibrations, respectively)* The values of factor- oup (Davydov)

splittings were determined for all internal modes (2).
Disoersion and densit-y of phonon states.- The approach to the

computation of dispersion and density of states was proamed b7 the
mode structure of the eigenvector matrix in r-point. The mode struo-

ture was found to be nonuniform. The dominant components ae grouped
near the diagonal and form well-isolated poups. Hence it was possib-

le to divide the full dynamical matrix Into 7 for antbracene and 6
for naphthalene blocks that join large poups. of phoons In the me-

de structure of ihich a limited basis of normal coordinates of a
fies molecule prevails. Thusq, the replacement of the 144th-order
equation for nthracene and the 108th-order one for naphthalene by

the gpo of equations of no higher than the 24tb-order perAtted
the dispersion amn density of phonou states of these crystals to be
calculated. te accuracy of this method proved to be rather h (2).

Pi.r sbcus tne results of calculating the pbonon dispersion
of mmthracme crystal in five directions of Brillouln some (W).
Nodes that we metrfilo with respect to the two-fold screw axis
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Sr -#z ) or to the glide plane ( r -oB and r -#A) ae shown in so-
lid lines. The dashed lines in these directions correspond to the

asymtric modes.

S 0 3W

ISo

700-

a) b) )
lig.I s Dispersion Curves and density of states of anthracen-

* in the following energy re ons a) 0-300 1
b~ ~ 35-30o c) 650- 1950

The low-frequency rang* (0-200 .me-1) A rig,a embeaoes 16
branches with pronounced diergion, TM2ve of tbM we originally
connected with external modes and four with two internal ones (qm-
asetr B. med Au) . The density of states in this rangeo show by
a b. ack-shaded regionGL The density of states@ oalculated 4a te
rigid molecule -qoproximation Is" d a : for a ob"' ison. a Is.ge ,
the incerpoeation Cit **Wqmz AROAM -MOOMPUPO Abe d'onsity of, 4&-
tea signiftetly. bfeftift to V1919''a 0~~ U*bO* of phos iii-
des baft 2evatomio &&A*"Smg $a Dmpojt Aid ,osdab.d
Persian Over BU. With "eect to tip optical tyi ubmoe
am be terme" as the jao4"u* d riegp'oo2
dispersion curves of enthracene crystal within the range 0-200 on-

agree qualitatively wll with those obtained ezprimentaly for an-
threeane o at low teerstwe (3).

The densities of states were calculated over 1900 points In the
irreducible (1/) pat of 3 by the histogrm method via I ea"m

( mee 4igs. 2 amd 3 ) The densities weighted on the squae ali-
tudes at the hydroe atm dimSplaOemnts have been calculated as
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as well. The r'esuflts allowed the experimental spectra of inelastic
incoherent neutron scattering~ of the both crystals at low tempera.
tui'e to be described quatitatively well within the range of both
external ()and internal phonons,
4j. _________________

W a a -C6: Density of states of the
S 144-mode phonon spectrum

of anthracene crystal
2~ 2

gE2

FIX, 3 a oef states o h
phonon specotrum 0

Of n WOWaen Cryst0al

Ette-gy. cr 1r
In-conclusion the authors will express their deep gratitude to
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for? plasim at ow iispoel, the Z pa'opm.o
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ACOUSTOELECTRIC INTERACTION IN P-InSb AT LOW TEMPERATURE

J.D.N. Cheeke and G. Hadore

Ddpartement do Physiique, Univereitd de Sherbrooke, Sherbrooke, Prov. Qudbec,
Canada JiK 2,R1

Abstract. - We have measured the ultrasonic attenuation In p-IaSh in the range
1 - 20 K in the 30 - 600 Mz frequency range under magnetic fields up to 7T,
concurrently with magnetoresistance measurements. Both the relaxation peak
observed near 10 K and the low temperature field dependence are governed by
the piezoelectric interaction and both effects are In good agreement with the
acoustoelectric theory of Batson and White.

There have been many recent ultrasonic studies of resonance, relaxation and

magnetic field effects associated with absorption by impurities in p type semicon-
ductors at low temperatures (1). Our first results on p-InSb vere Interpret@C In
this way (1) (2). However more recent results to be presented here suggest that
the ralaxation and low temperature magnetic field effects observed in this system
are ir fact due to a piezoelectric interaction with free or bound carriers.

The experiments were carried out in the usual way with a Natec 6600 system

and PAR two channel Boxcar Integrator. LiNbO3 30 NMa transducers were grease bonded
to the polished faces and a double calorimeter was used for temperature stability
and control. Experiments were carried out on Ge doped InSb specimens with concen-
trations of 1024, 2.1015 and 8.10)16 cm-3. Only the first will be discussed here,
the second showing similar results and the third, which appears to be degenerate,

shows n unusual behaviour.

Typical results for the relaxation peak are shown In Figure 1. The peak
height and position scale with w, such that uT-i With T ' (m) a A/kDT, A_ 10 mmY,
as described previously (2). Looking at all the pure modes, we have found such a
relaxation peak only for the two piezoelectrically active modes In this system; a
typical non pieeolecttic nis bUbdvior to sib. dhown 1* fgitt 1. The peak posi-
tion is very sensitive to applied *sgtitie field and eta be shifted upwatdu by
about 3KE by AIpplcation of 'IT (2). Pteviotso ahiiy isnmt (2) also
Nb6Wed that ABdV* 46iotthe tcb mole k t Wthee fro&9bget lb*.t~ su&e td has&
boles ta the PIusie Uwd. VtU*S stfahtly 04estibe p~tentiity, of a Vteoelec-
tyke 1aterikigkos *ict"fma b.Vlttsgftf wead' ifis, ftae holed, -a iit~o *im b
bNA. bedifibsU'kd&n the 9d itooelhe e f ect oh the bilft ar 016t thte? to
sad Akie'. It iprtiiitl 8t bv mtidg of thw eba*0dr1*stda td tt~iw
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subsequent relaxation, a relaxation peak is predicted by this theory, of the form:

a' [ 2(.. I* 1 where K(2= electromechanical coupling coefficient,

V so= sound velocity, w0 z a/c a dielectric relaxation frequency, a - d.c. electri-

cal conductivity, c a static dielectric constant, W = applied angular frequency,

q1D N' V8
2/D, D =- OBkT/e, the Einstein relation with ui - carrier mobility. The im-

portant term in the relaxation is that involving w and to first approximation this

gives a simple relaxation T u w -. This corresponds roughly to what is observed

although there is some trouble with the magnetic field dependence of the pref actor

of T. Using known values of the above parameters and using a mobility determined

from the 77K Ball effect measuroments a numrical calculation gives good agreement

between the ab'vve expression and the experimental results as regards peak attenua-

tion and frequency, temperature and magnetic field dependence.

WASISIC FIELD (H TEILAl

f. -£ T ORO 0 £ TRANS WMWVE

**-0 &a(MI-4O3 g) N;Nw
t4b/gM 

I
0 -n *-blsA IOs ,JSci:0~. e%1*4 TRANS WAVE 41

TROPRRATWE toll

Figure 1pr lwr2

It to am, iakiereetiaa to ressd the low talature behaviour (T < 710 where
the mobg carriers aC?9 thermasy frozen out aa*i tbe electrical conduction is 1by
hoppb* of carrign bet~es coapzoeste, lvniity sites. Ia this tewprature regIOn
we qbenve An Aq$ .4"sIaa. of Att.satou wIth applied magnet~c gield. A
Igd"Oset for @S 4 tq2 tc£1Ae pt fe1l~s the ,se so-

leei ~ ~ ~ ~ ~ ~ ~ ~ i tto ~~lb gtmpob e.bs dq0ma that te *t~etion mocha-

suna to qs$.p VArMO 4t~ug4 a "Mros c"WAOMlt cle"etl sow that,

thin~~t "lw s% s lZ e LaIeft "a. Ifatbathe
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situation corresponds physically to that described by Chaikovskii and Gitia (4),

who modifl the Batson and W~hite treatment for the case of hopping conduction. For

w > w cthis gives a- cte a. At present it is not easy to test tis relation re-

garding the temperature dependence as this is quite weak afld the residual attenua-

tion is unknown. However the magnetic field variation o~f the attenuation is in

good agreement with that estimated from the above expression although at present

we only have results for the DC magnetoresistance. The crucial test will be pro-

vided by comparing the field dependence of the attenuation with the ac magnetore-

sistance. This study is currently being undertaken.

In sumary the present results are In good agreement with the acoustoelectric
theory for Interact ion with free and hopping charge carriers. Further experiments

are in progress In an attempt to distinguish unequivocally batween this model and

that involving absorption by isolated Impurity centres.

This work was supported by the Natural Science and Engineering Council of

Canada and the Groups de Recherches sur lea semicoliducteurs at di~lectriquea. We

are grateful to A. Rikata for participation in some of the early experiments.
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ORIENTATIONAL DYNAMICS OF SULPHATE IONS IN POTASH ALUM

A.K. Sood, A.K. Arora, S. Dattagupta and G. Venkataraman

Reaotor Reseacmh Centre, Kalpakkam 603 102. Taini Nadu, rndia

RAstract.- The A internal mode of sulphate ion in potash alum is

studied by Raman scattering as a function of temperature. Our
data suggest that over and above the thermally-activated reorien-
tations of sulphate ion, there is an additional orientational

relaxation mechanism which has its origin in cooperative inter-
action between sulphate ions.

I- 3ntroduction.- In potash alum (KAI (SO4 )2 .12IO), the sulphate ion

has two orientations with the S-0 bonds pointing towards Al or K+

with probabilities p1 or p2 (P1> P2 ). This causes a splitting of

the A. internal mode of the sulphate ion into two.lines
2 '3 near 990

On -  I this paper, the area ratio i.e. the ratio of the number of

sulphate ions in the two orientations is studied as a function of i
temperature to unravel features related to reorientations.!

* 2. EcPerlmental.- Single crystals of potash alum were cut perpendi-

cular to the (100) axis into a parallelopiped of approximate size
6 X6 X 5 (mm)3 he details of the Faman spectrometer are same as

reported earlier4 .  The experiments were done at 24 different tempe-

ratures between 297 K and 93 K.

3. atu .s- Figure I shows the area ratio. At 297 K, we obtain
(P1/P2 ) a 2.46 +0.08, in agrecment with x-ray studies1.

I order to interpret the data, werassume first that ions make

thermally activated jumps between the tWo orientations at rates
ph
12 Vo *xp (-E'/k T), (1)

ph r

- exp- EE(2)

where i1o, U) are the attempt frequenciel. E is the energy separa-

tion between the two orientational potential minima, and E' is the

barrier height as seen from the bottom of the deeper well (see Figure

:-IIZ-
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T (K)
.2 NO M 50 as 10

2-0 -I

Lt

10 Fg I fea ratio as a function
of temperature. 7he dots are the
observed values. 7he daphed line

. 4/2 corresponds to eq. () (=0 ) and
1-4 / the solid line is based on a model

/• 0 whichc includes a temperature-
independent relaxation mechanism
(i.e. Y* 0).

1.6

3.0 S.0 7.0 1.0 t?.0
IOO/T (K4)

ph ph

2). From detailed balance, P W 2  - whence

In(p1/p2 ) = bnst. + F/k BT (3)

The dashed line in figure 1 shows that (3) is obeyed for T >240 K
but is inadequate at lower temperatures.

,MML i IUAI

~I4 2Fig. 2 ,thematic drawing of

Ithe angular dependence of the
potential well in which (S04) 2-
ions reside. 1 and 2 refer to
the two orientations of the

L ion.

MUE-

The Arrhenius-type approach betng inadequate, %le now postulate

the existence of an additional temperature-independent reorientation
mechanism, and write the rates is

ph Ph and -

A plausible physical origin of ' is discussed in *ction 5.

4. fn line she - Rbr the A internal mode, the Iaman line shape

is proportional to

- - A
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F (Q) dt exp C-iot) (0(o) Q(t

where Q denotes the vibrational coordinate. Owing to the random

jumps of the two possible orientations, the vibrationdl frequency

of the g mode fluctuates between W I and LA. Fbr this situation,

the line shapes can be calculated from
5

FM ~~ a~ 1 iW - i, D- 6) WS

A~ W
Wo 0)

After including the effects of anharmonicity and instrumental reso-

lution 4 , eq. (5) along with (1), (2) and (4) were used to compute

the line shapes and also the area ratios. The parameters which

resulted in good agreement for the line shapes are: 1) = 2 =
11 -1 0o 0

3 X 10 sec- , E = 0.527 KCal/mole, E' = 1.239 KCal/mole and

1e -= 1.65 X 109 sec- . 1he area ratio extracted by such an analysis

is shown with a solid line in figure 1. Clearly it represents

better the observed ratios.

5. Crigin of o- V now consider the origin of Y . As discussed
6in detail elsewhere6 , conceivably arises due tc i flip-flop relaxa-

another ion J simultaneously makes a reverse jump 2-1. Calculations

show that flip-flop mechanism does lead to a temperature-indepen-

dent rate
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SELF-CONSISTENT PHONON CALCULATIONS IN SOLID NITROGEN

T. Wasiutynski

Ins titute of Nuclear Physics, Krakow., Poanmd

Absras ftmoncalulaioninthe solf-mows 'b atuemi
apri~sis wre pefre o eprature rmp 40 x at

zeoproosore sa ter proseqpe. iUnge 9 1 Aiara I he
parametors *4 the Inter~me~osa potential e4 the it - atom
16-04w form Were optimized.

1, OnJ1  -~ the basis of the earlier formulated self-awaesotent
phaon apprximat Ion for the mleoralar crystals /I/ we studiled solid
nitrogen at different tomperatur.. sod pressures. fte approximation
is essentially the sae Ws for the stet crystals /2/ regardless
the fact that we have hoe three extra rotational degrees of freedom

the effective potential which Is given by the convolution of the

bage poeou#ia witk gsetIm d~trtbmttoa fnetiom, 2he vidth of the
1gamsam ts gives by the -Invrse, of th tU aemt.ipeemn
cerrolatiem. funetiom. Sine the letter depends theU phemom, fte-
qzensoe One bas to solve the eqatios selfeemstefltly.

*<V(R~u)> = jLd 3R' V(R -RI exp[-! RZR'p <uu> 71,J (

As the bare potential V( r) we use the empirical ateawtem. poteatial
of thes umezpo forms

V (R) :A xp (-BR) -CR 6  (2)

!hee oetr1m.2 3m~ewoA, - were optimized it eiier to not
the propir ldotEs st JoW1 wf $ff I a Is goiK lattice energy
9 a iM1 heal/Molean the best overall agroemesat of the uhmnde fre-
qumemoes at q a 0 Is the eabie phase. low values of the perameter"
awe liste" In table i together with the redibntly V6liehp poaw

* motors from the ...iniSI*oeaelation /3/. As b eon Ao from that
table the two ots do not ifftr very amob@ Mhe malts as of keel
toga/Maoe mod :. c

.~ ~ ~ - T'
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Table 1
A B C

present oalo 128645 4.0 383
ab-initlo /3/ 183770 4.037 361

2. W 0l. - lbs comparisom of the calculated eNd experimental /4/

pbemn frequoncies in on " 1 at q - 0 for the -Is ohown In
table 2,

Table 2

S9enatry Experiment Present ab-lmltle
".15 I /4/ oaloulatim ealoulatiu /s/

Be 32.3 38,1 39.5

16 36.3 42.8 48.5

1 59.7 51.8 70.3
A, 46.8 48,5 48.8

in 4614 51.7 48.4

54.0 51.3 55.5

69.4 75.3 72.0

YbM temperatue dependemo. of the lattice omtmtnt d two pses

modest o:s of the translational mad ow of the rotatiemal oharster

are s lM e figures I and 2"

5.8 LATTICE CONSTANT (At I
5.7

0 10 20 30 40
TEMPERATURE (K) 1LA Temperatr depouese of

perlmantal pelnts frem /6/.
1.00. *. Tu

.99

.96
00

.95

Ilmperature dependee
le0t 1nd T od e.o o enm eKate en 0/

0 10 2030 4 0 10 2030 4 ftportmtal poe Ussa r
TEMPERATORE (K) am on r m /o/.

-. 9'-.
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Table 3 shows the comparison between oaloulated and oxperUintal

phone frequencies In am- at q - 0 for different pressures in r -No

%*b1* 3
Symetry p a 4 kbaro p - 5 kbars p m 6.15 kbaws

exper /9/ ole exper /I/ calo exper /9/ oalo

2 54o2 568.6 56.4 61,4 64.0 72

a 97O.2 82.3 103.6 66.3 114.4 99
A - 97.4 - 102,3 - 119

Ru - 68.5 - 71.9 - 84

i1 - 10.9 - 116.7 - 13T

3o #ALmhAjhM - he tomporatur dopemdouoe preOntod in figures I
and 2 shows qualitatively good agroement with the experimental data.
One has to notloo, bowever, that the osloulatod thermal expansion is

bigger than the measured one. h opposite situation takes place in
the ooas of the temperature dependenoo of the rotational mode 39 * As

a oonoluslon we em may that different suharmonlo torm contribute

to theme two phonomena. Another point with mentloning hore is that
the lntermoleoular potential derived for the oubio phase is also
valid for high pressure totragonal phase. Usually this is the weak
point becamso of the dftfioulties with precisely determining the

repulsive part of the Intermoleoular potential,

/I/ T. 1asiutykd , pyo.stat.sol.(b)
/2/ .R. Koehbler, lattioo dyninios of quantum crystals in the book

Dmiumloal properties of solid', vol.2, p,l. North Elli, 19T4

/3/ R.M. orms, A. Van dor Avolid, JoC hemolho. U. 6107 (O0)

/4/ .6 em, 6. a onoliag Phys.htv. PLU 1639 (195)
/5/ T. LAty, A. Van der Avelrd, R.U. Us ra t JL .ft"lys. IL 5305

(1936)
/6/ 13. Krmpsktii . I.X ProkbhtIlov, A. I. Woeburg, Plu.Nlstltkhb

2W** L9. 35 (19s)
/T/ F.D. W iUS, W.3. 3n0os, J.Ohm.lhys. W 150 (1976)
/9/ L.I.St. LOiSs9 O.Sohmopp, J.eomPolys. 5, 5IT (1969)

/9/ M. ar. hioy, V. Ondrookkarmn, J.Cho.Phys. 9L 3659 (197T).
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LINEAR CHAIN MODELS AND SOUND VELOCITIES IN MOLECULAR ORGANIC CRYSTALS

C. Ecolivet

Groupe de Physique Crietaline, E.R.A. au C.N.R.S. n0070015, niversitJ de
Rennes, Campus de Beaulieu, 35042 Rennes Cedeo, Frace

AbStraCt Longitudinal sound velocities in crystals of elongated aromatic
moleYeshave been measured by Brillouin scattering and are found to be
faithfully described by a simple linear chain model, whereas a similar beha-
viour is observed for compresmibility and thermal expansion. A particulr at-
tention has been paid to the p-polyphenyls and polyacenes series.

1. INTRODUCTION Despite the' width of the aromatic rings ; p-polyphenyls and

polyacenes are go6d examples of chain-like molecules which crystallizes in parallel

stacks, themselves parallel to the molecular Long'axis. This kind of stacking is far
from being unusual in molecular" aiA specially in flat mole6ules crystals which most

of the time belong to the monoclinic P 21/a symetry group. This is exactly what hap-

pens for naphtalene, biphenyl, dibenzyl and many others.

We will consider here a simple chain model for crystals of molecules composed

of a various number of aromatic rings and look at the sound longitudinal velocities

along the stacking direction, intra and intermolecular bonds will be represented by

springs of force constants resp. KI and K2 .
2. LONGITUDINAL SOUND VELOCITIES IN p-POLYPHENYLS and POLYACENES zt Us

consider first the p-polylhsafle which are
_& repreented on ?ig.1 as a function at the

.32 >-(iC)-}<I)<i> molecular ring nuftsr p -the %~ parameter
C. K, K, K, being tbe length or the cryutaalographic

4 It can be shown vary easily that

534 (z 4. the laogtuinal sound Valecitr4tloai the

molecular long axia'cam be written fr a

molecule with a rings as s

C

rig. 1 al yphengl a chain model for longi- n-1i+
tainal wave propagation. n K2  K

Tr Nn is the mass of the molecule.
Thie I value can be obtained from X.R. eperimente on biphenyl which frequen-1 -1

07 mode is about 334 cis this gives RX, 430 X/u. We report in Table 2 the X2value

4 _
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obtained at 300 K and 5 K of the 3 first elements of the polyphenyls series from

sound velocities obtained by Brillouin scattering ( ).

n 2 3 4

Cn(;) 9.51 13.62 17.85
NMfn(g) 154 230 306

3 Vn(m/s 3940 4730 5210

I(N/) 4.49 4.60 4.32

K Vn(m/s) 4650 5440 6010
5 (N/m) 6.11 6.08 5.75

Table 1 Intermolecular force constant K2 for biphenyl p-terphenyl,
p-quaterphenyl at room temperature and near liquid helium
temperature.

We see on this table an excellent agreement at low temperature when vibra-

tions are more harmonic, it is also noticeable that the effect of K is negligible

and it should only be detectable for n > 10.

n 2 3

Cn(A) 8.66 11.16 a) TESLENKO (2)
NM&(9) 130 178 b) AFANASSIEVA

3540a 3860CVnOu/s) 3620b c) HUNTINGTON (3)

K 3.55 3.54
2(N/m) 3.71 1

Table 2 Intermolecular force constant K2 for naphtalene and anthraceneat room temperature.

Table 2 give the same results taken from ultrasonic measurments previously

reported in the litterature for the 2 first elements of the polyacenes at room tem-

perature.

From these data one can clearly see that these organic crystals which look

rather complicated can be surprisingly well described by simple chain models I ao-

reover these models also describe the effect of deuteration and the absence of sound

velocity variation in directions perpendicular to the chains when n varies.

3. COMPRESSIBILITY and THERIAL EXPANSION ANISOTROPIES te linear o s-

sibility 0 which can be expressed as a function of the elastic compliance saftli

SA writes down for monolinic crystals

0 .A2 2 2
A1n x A 2 n + A 3 na Ann,

where A, 8- k

,or all the crystals studied here experimantal data sw the nm anisotxt

for compessbility and thermal eapension. A counter example found in the littera-

. . .. ..
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ture was dibenzyl and it motivates a new determination of its elastic properties,

for the maximum of compressibility found along the molecular long axis looked ra-

ther unealistic. Structure, sound velocities compressibility and thermal expansion

in the (a,c) plane can be seen on figure 2.

a-

Fig. 2 Structure, sound velocities, linear oompressibility and thermal expansion
(left to right) of dibenzyl. The dashed curve in the center diagram is re-
lated to the transverse mode polarized along twhereas the dotted line in
the right diagram corresponds to the thermal eipansion a(.25 i0-3 r-I per
division) and the other curve to the linear compressibility 0, (15.10-12 02

2FNI per division)

This is a typical example of the results we can expect for such kind of crys-

tals where the forces have a short range nature.

References
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MULTIPHONON PROCESS IN NiSO4 ,6H20

L.S.G. Cancela, J.G. Ramos and G.M. Gualberto K

Instituto de Fioa GZeb Wataghin, UNICAMP, 13100 Campinas, SP., BsaiZ

Abstract. - We have measured the Raman spectrum of B 2 phonons in
NiS047 6H2O as a function of temperature in the range 80K to
300K. One of these line (42cm-1 at T=300K) has a temperature
dependence of its intensity characteristic of difference
combination of two others phonons. Another line of the same
symmetry, which would be the sum combination of those two
phonons, has a temperature dependence of its intensity
characteristic of an one ohonon line.

1. Experiment. - The single crystals of nickel sulfate used in these

experiments were qrown at a temperature of 380C from a saturated

solution. Using the Laue technique, we verified that the crystals
c row along the [ 0011 direction in the form of a truncated pyramid

with the a and b axes narallel tn the edges of the base. The A
and B faces of the crystal were nolished using cerium oxide and

mineral oil while the C face was obtained by cleaving the sample.
Since the crystal is hyqrosconic, the spectra are obtained soon

after the crystal is polished. The source used was the 48880)L line

crystal is lowest around this line. The nower used was limited

to 50mw since, with larger powers, the crystal soon becomes opaque

The scattered liaht was analyzed with a double spex monochromator
equipped with F.W. 130 photomultiplier. For measurements ranging
from 80K to 300K the sample was mounted in a cold finger Dewar with a
temperature control of ± IK. In this work the usual Raman notation (2 )

s(xy)x was used, corresponding to B2 ohonons. Raman spectra using
several other symmetries were presented elsewhere where the

anomalous temperature behavior of the 42cm - of the B2 mode was

reported.

2. Results. - In Fig. I we show the Raman spectrum of NiSO4.6H 2 0

obtained using z(xy)x neonmtry. We note that the temperature

behavior of the two (A & B) lines of B2 svymetrv are different.t2
On lew of abtenee from Deo. Ce Fisica, UFrP.
aCPq b0eeera Follow

A
N*



C6-582 JOURNAL DE PHYSIQUE

LA

-t i2 Figure 1. Temperature behavior of
the lined A and B of the B2
symmetry.

mm m 0 * 0 U m rmin

In Fig. 2 we present the temperature dependence of the Stokes

intensity of the low frequency B2 line. This behavior suggests the

combination phonons process. In the figure we also present the

plotting of expression (4 ) n(va)[n(v b ) + 1J, where Va 92cm-1 and
Vb50cm 1 , which is the intensity temperature dependence of a

difference combination of two phonons.

Pia. 2 Temperature dependence of the A
Stokes intensity of the line A corared

S*with a difference combination Process.

in the Fig. 3 we compare the temperature dependence of the two lines

(A A 8) of the B 2 symetry. We should note that the high frequency
line has a behavior which is characteristic of one phonon processes.

-ii - i
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Fiq. 3 Temperature dependence of the StokesI intensities of the lines A and B.

i m * I

Tm

Discussion. - Our results (Fiq. 2) show that the B2 line which appears
at 42cm -1 (A) at room temerature has a temrature deDendence of

its Stokes and anti-Stokes intensities characteristic of a difference

combination of two ohonons. The best fit of the exnerimental data

gives 92cm and 50cm 1 for the two phonon frequencies Involved in that

difference combination. This behavior is characteristic of crystals

containing molecular qroups, as is the one under study (4 ). The sum

combination of these two phonons, another 82 phonon at 142cm 1 (B) at

r temperature, is also observed; however the temperature dependence

of its intensity Is characteristic of an one phonon process. This
could be de to accidental degeneracy of the two ohonons combination

with an one phonon line.

1. S.V. Gru-Grzhimeilo, N.A. Brilliantov, R.K. Sviridova and O.N.
Sukhanova, Saw. Phys. Crystalloqraohy 5, 2, 266 (1960).

2. T.C. Dmas S.P.S. Porto and B. Tefl, Phy.. Rev. 142, 570 (1966).
3. L.S.G. Cancela and G.M. Gualberto, J. of Phys. Chem. Solids,

subdtted.
4. 8.5. Mitra in 00ptical Propertie ,f Solids" Ed. -by S. Nudelaan

and S.8. Mitra, Plenum Press, p. 3J (1969).
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INTERNAL AND EXTERNAL PHONONS IN MONOCLINIC TETRACYANOETHYLENE

S.L. Chaplot , A. Kierzejewki , J. Lefebvren , G.S. Pawley and T. LAty**

Deparmnt of Phyaioa, Univ.rsity of Edinburgh, &,otamd
**1-4, Technical University of Wrocw, Wroeetw, Potand

KILL, Grenobe, Prows

"NucZear Physice Division,. Bhabh Atomic Reaearch Center, Bombay, India

Abstrat.- Dispersion curves of 12 exteraalId 10 ,nterna1
phonon modes have been measured in the a, .  and c direc-
tions. The internal dispersion curves correspond to the 5 low-
frequency vibrations of the free molecule and they exhibit
a significant proportion of lattice mode character involving
both translational and librational motions. Recent lattice
dynamical calculations, in which several internal Modes we
Included,, have yielded neutron scattering cross-sections
which have made possible to assign the observed molecular
vibrations.

1 j-t;.-ut~on,- Tetracyanoethylene /TCU/, one of the most con-
mon acceptors in electron donor-acceptor /AW complexes, forms
two crystalline phases, monoolinia Q(2 1 /n) stable above 292 K and

cubic (Wm) stable below this temperature. Warning the cubic phase

causes the transition to the monoclinic structure, but this phase
can be cooled down to helium temperatures without a reverse tran-
sition, enabling inelastic neutron scattering experiments to be

made at the most favourable temperature. The measurements of phonon
dispersion curves are complete in the low frequency range, 0-6 THS
and are presented here, As the TONS molecule has many internal vi-
brations at low frequencies, it is essential to include the vibra-
tions in calculations of one-phonon neutron scattering cross-sao-
tions. Here, we report shortly a model for the same*
2. Me- The crstal of monolinie 'TS of aboat 9 003
was grown by the vapour deposition technique and slowly cooled to
5 K (t 0.5 t) at rate of 10 X/hou. The phonon dispersion coms
have been meawrAed at the Institute Laue-Lagevin on the triple
axes spectrometer M. Focussing monochromators of pyrolitio gra-
phite (002) and Cu (111) were used in the low and high frequency
region, along with pyrolitio graphite (002) analyser. Grahite (002)
filter was used in either the incident or scattered beam as oonve-
nient. The IM in a vaadUm scan was 0.1 THz. The crystal was

2 5________-____-__..__-._______-'- . ,. -
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16

j16ure I * xperimeantal phonon disperbiox curves in the monoclUnic
fCI, at 5 1, frequencies measurxed by Ruian spectroscopy
are izm±cated by tho aqwwo~ points*
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oriented in Pb, btc and c a planes in different experiments.
Constant q scans were usually employed with constant 3 scans in a
few cases.

Results of the measurements are shown on Pig re I. Most of
the phonon frequencies are confirmed to within 0.05 TE.. All the
zone centre frequencies are well confirmed and assigned experimen-
tally using group theoretical selection rules. The dispersion of
the highest frequency branch in a* direction needed special atten-
tion. This unusual dispersion has been confizued in both a b and
a c orientations; however, its origin has to be further investi-
gated.
3. h - The external and lowest internal phonon dispersion re-

lations have been calculated for a , b and cd directions, within
an extended lattice dynamioal model. The secular equation,

(q) U(q) = 2 (q) m Cq),
has been solved. The 26 x 26 /with 7 free molecule vibrations in-
cluded/ dynamical matrix has been constructed from the second deri-
vatives of the crystal potential, assumed to be the sum of an ex-
ternal and an internal part. The internal potential contributes to
the self force constant only and is related to the free molecule
internal frequencies. The contribution to the force constants from
the external potential can be easily obtained using nonbonded ato-
mic pair potential of "6-exp" type* The mass matrix & has elements

m(kk-) = I ' U tu

where e~ik) is the atomic displacement per unit displacement of
an atom i within the molecule k in the 4-th degree of freedom.
Prom the calculations we note that the phonons of frequencies
below 5 THz cannot be labelled as purely external or internal. The
phonon eigenveotors were used to estimate the one-phonon neutron
scattering cros.-sectlons. These were largely consistent with the
experiments, thus supporting assignments of the phonon eigenvoctors.
The agreement between the calculated and experimental phonon fre-
quencies was usuall7 about 10 - 20%* This leaves scope for an im-
proveent of the aeumed, external potential function. We feel,
however, that a molecular shell model would be necessary for a
correct description of the lattice dynamios.
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HARMONIC AND ANHARMONIC REPRESENTATION OF LIBRATIONAL MOTIONS IN
MOLECULAR CRYSTALS

B. Kuchta and T. Luty

Institute of O'4anio and P9iZoaZ Chemistry, Technicat University, 50-370
WMote, Po~and

A-bsto- The orienoational crystal potential, represented as
a u.asoe in .-dimemu±.nal space spanned on libratonal normal
coordinates, has been calculated foret-l 4-0) and I-0
crystals and com prod with its harmonic Aipresbutation. igni-
ficant differenoe in symmetries of the aurtfss show that
molecular librations are highj a onic and that any proper
description of the excitations in molecular crystals has to
take into account the full symmetry of an exac orientational
crystal pot entials

1. IntroductionA- The bermonic approximation which is oommonly used
in the lattice dynamics calculations of molecular crystals is belie-
ved to be well satisfied for translational degrees of freedom but

not for rotational ones* Results of calculations /librational phonon

frequencies/ for diatomio molecular crystala, in partioular for so-
lid nitrogen t12, support the conolusion. In the present paper we
shall discuss the problem of a description of librational excitati-

one at the center of Brillouin zone in crystals, where a rotational
part of the crystal potential can b separated. For the discussion

we choose nitrogen and oxgen crystals for the folloving reasons:
the ab initio intermolecular N2-N2 potential is known t239 and the
crystal structures of oxgen phases /one molecule in a unit cell/

simplify a representation of the rotational potential.
2. Rotational Potentials.- In crystals where molecules oocupy center
of inversion sites, the rotational crystal potential for zero wave

vector can be separated from translational part and Witten as an
expansion with respect to a complete set of rotational coordinates.
It is convenient, for our purpose, to expand the potetial in terms
of normal coordinates of librational excitations and to reprsent
as a surface spnned on the cotrdinates. The libratonal normal co-
oftinaee se th e.evotes of the oiotc dy auloal matrix cc-

-e the particular norma node- / A , I fo oneoclinic
-12"-0 and 1 I,  for gubL* o-N,/.

A 'quasA.U ive diffeuse bstween harmonic and enmuflo repros..-

' .. ,'i... I i. . : "" i " ..'
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tation of the librational excitations is clearly sen from FJigures

I and 2. In the calculations of the rotational enexy surfaces we

have used the "6-ez" atom-atom potential, optiized to the corstal

st.ruoturos of solid O6gen. The stricking differencies in the syn-

G 11

Figures I and 2. The rotational energy surfaces for ev-0
/Pig. I/ and A -o /Fig, 2/ crystals in harmonic /on left*
and anharmonic /oR right/ representations.

metry of the sufaces suggest that the angular motions of the mole-
oules can be quit* different in character than the librational osod-

llations around a fixed z.is.o It is also seen that wnW quadratic

/ ta nic/ or ,ultiquadratio /q ia o/ representation of the
potential inoreases its s etry and cannot properly describes the
librational exwitations in the crystal. The important. t is to

take Into aocount the odd powers In the potential eanalon
3. WL&&AqMLMakuu An Lapplication of the perturbation

theory .31m. one to take Into account an influence of the anharmo-

AIO tems ) tha v eratona potential on libratiocal phonon frequen-
*Ies" J WUtbin the. metbod, U4bmtiq9. Q * 201he10 m ecesAre trea-

A. -

...p- -..s shows-

to*+:Tppm ....ins ,mw,+ In As owe Ph& of: ....e e sCo%
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responding to Tg symmetry /coordtnates
are those corresponding to two Tg libra-
tions/. The difference between harmonic
/solid line/ and anharmonic /broken

/ line/ representation. of the potential
is not large, it gives however a signi-
ficant difference in librational fre-

quencies. Results of the calculations
, are presented in the forth column of

the Table. There are seen very impor-

tant, qantitative differencies between

hAronic, quasibarmonic /self-consis-
Fig. 3 /asee text/ tent phonon approximation, SOP/ and
Table - Librational phonon frequencies /in cm-1/ at g = 0 in

to -N 2 crystal.

Mode Harmonic (11 soP-13 Anharmon ot31 .:E_,4nt.,
E 40.8 39.5 32.0 32.3
T 50.7 48•5 36.3 36.3
T 74 . 70.3 60.5 59.7

anharmonic representation of the libzational excitations. Although
the perturbation theory does reproduce the librational phonon fre-
quencies very well, it does not give however a unique interpreta-
tion of the molecular motions. The symmetry of the real orientatio-
nal potential suggests that angular molecular motions can be quite
different in character than an oscillator and that any proper des-
cription of the excitations in molecular crystals has to take into
account the ill symmetry of the crystal potential.

Ell T. Inty, A. van der Avoird and R.M. Berns J. Chem* Physs.

[23 R.M. Berns anA A. van der Avoird, ,. Cneo y., ,0)
29, 6107 (1980),E33 B. Kuphta and T. lIut, in preparation,

43 IX. Kjms and G. Dollin, Ph". Rev., B:_, 1639 (1975).

______ __I _I ____ -_ __ __-
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.TRANSLATIONAL - ROTATIONAL COUPLING IN s-TRIAZINE CRYSTAL

T. Luty

Institute of Organic and PhysicaL Chemistry, TechnioaL Univereity,
50-370 Vroc~aw, PoLand

Abstract.- An anomalous dispersion of transverse acoustic pho-
nons, related to the fearoelastic phase transition in s-tria-
zine crystal, have been analyzed. The dispersion relation has
been found from the harmonic dynamical matrix which includes
translational-rotational coupling. For the nearest neighbours
interactions, the relation contains two competive terms follow-
ed from direct and indirect translational-translational coup-
ling. When the indirect interactions are assumed to be tempera-
ture dependent, the relation reproduces the observed dipersion
curves almost exactly.

Is Introduction.- It has long been known that in molecular crystals

there should be a static coupling between rotations and translatio-

ns of molecules. Recently well studied s-triazine crystal is a

good example to illustrate the problem of the coupling in ordered

molecular crystals. A weakly first order transition at 200 K is from

a high temperature, trigonal phase /R~c/ to a low temperature, mono-

clinic phase /C2/c/ Ell. The ferroelastic distortion of s-triazine

is assisted by a pronounced softening of the transverse acoustic mo-
des in trigonal X and A directions E2], causing an instability of
the c 4 elastic constant. The anomalous behaviour of the elastic
constant has been recently interpreted E5] in terms of the mean
field theory as a result of coupling between the shear strain ex3
/e YZ/ and molecular rotations R. /Rx/. The aim of the present treat-
ment is to interprets the anomalous and extended in the Brillouin
zone dispersion of the transverse acoustic modes in terms of trans-
lational-rotational coupling. As the phonons in e-triazine have
been found to be well defined and underdamped down to Tc, the ana-
lysis is based on harmonic dynamical matrix.
2. Danamical matrix.- The harmonic potential energy of a molecular
crystal can be written in terms of dynamical matrix elements as,

V D [ (qkk") ui (q4 u j(qk ) + Dj-j(qck) u.(q4 efij

+ ., (qkk')6i(q4u* (qk' + D "(qkk)GS(gk) 6(qk)]I

ij _ I
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where u (qk) and f(qk) are translational and rotational displace-
ments of the sublattice k, respectively. The enrgy is decoupled in-
to aoninteracting parts, each designated by a specific direction
of wave-vector q. A further decoulling can be done by a group-theo-
rdtical analysis. For the high temperature, trigonal phase of s-tri-
azine, the 12 dispersion curves in theA direction can be clasified
as: 2A. 0 2A 2 0 4A 3 withA 3 being double degenerate mode. As
the transverse acoustic mode which shows an anomalous dispersion
transforms according to A 3 irreducible representation /as well as
3 optical branches/ we have to extract a part of the crystal poten-
tial energy which corresponds to this symmetry. It is easy done
when a new set of coordinates /as follow from projection operators/
is introduced,

j()= 1 [Gj (qlj + e (q), a3 (q) = ~9(q-) - 9. (q2)]
for j = 1,2. Now, the irreducible part of the crystal energy cor-
responding to the two-dimensional representation A5 contains two
parts with identical eigenvalues and for further discussion we can
use only one of them, reducing the problem to 4-dimensional one.
We have,

Vh(A) -'.[a+ (q)V2 (q) + a,.(q) w2(q) + 2h.(q)w 2 q' 2 q

+ 2A+ (q) v.,(q) %rl(q) + 2D 4 )V1 (q) Y 2 (q) +

+~ 2DC.((w2 (q( 1 (q 2 C
+~C()) 2 q 2D()w q ',()q 2q +

with coefficients being proper combinations of dynamical matrix
elements. The translational-rotational coupling is given by D's
and A's coetficients. It has to be stressed that in the limit
q -* 0 the above eWreasion reduces to the harmonic part of the in-
te12al enera in the mean field theory.

To analyse dispersion of the transverse acoustic mode we have
to solve an equation of motion for the coordinates and, with an
assumption that internal strains given by coordinates w2 , 2 'ad
1 respond statically to the strain given by v, /the acoustic mode/

one gets,

-Tii
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ca 2(q) a.=q - D., Cq) G-2'(q. 0) D*(q A4.q~(~~~1qj3

G' 1 (q,O) is the static phonon susceptibility corresponding to the
optical phonons which are coupled /the same symetry/ to the aroue-
tic phonon. An exact analysis of the susceptibility shows that the
element G2(qO) follows from an effective orientational potential:
a sum of rotational-rotational self term and indirect orientational
potential given by translational-translational interactions, a,.(q)
and translational-rotational coupling A (q).
3* Resulgts.- In general, the relation (3) is rather complicated

but in the case of s-triazino crystal, where the short range inter-

actions are dominant we can limit ourselves to the nearest neigh-
bours snd then the relation can be writ'lin in a simplified form as,

2oT~j sin:2  () - C i2 2 ((4)

with the phase factor (qj. The first term describes dispersion of
the acoustic phonon due to the direct translational-translational

coupli g, while the second term, responsible for an anomalous dis-

persion, follows from indirect interactions due to translational-
rotational coupling. When the relation is generalized by making the
indirect interactions temperature dependent /as in the mean field
theoy, for example/ it does reproduce the observed dispersion

curves [2], at different temperatures, almost exactly. As it is!
seen from relation (4) a stability limit is achieved for

C (T0) B

E J.H. Smith and A.IJ. Rae, J. Pbys.9 _U 1761 (1978),
E I.U. Heilman, W.D. Ellenson and J. Botc , J. Thys.,
r33 J.O. Ralch and L.R, Bernstein, J& Chem. Yvs 1955)9.0
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RAMAN SCATTERING SPECTRA OF Rb2ZnC1 4 UNDER UNIAXIAL STRESS

N.E. Massa

Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska
68588, Canada

Abstract. - The Raman scattering of Rb2ZnC14 under uniaxial stress up to 300 bars
on the c and a axis (orthorhombic Dib - Pnam) has been measured in the incommensu-
rate phase at room temperature and a 92K. A downward shift in frequency has been
observed in those bands related with bending and stretching modes of the ZnCl4 free
molecule. Unlike K2SeO4 in the same stress range, the study of the soft mode,
assigned as amplitudon by Wada et ei. 1, does not show a shift toward lower fre-
quencies.

Rb2ZnCl4 is among the family of ABX4 compounds that are being intensively

studied and have a structurally modulated incommensurate phase. It undergoes three

phase transitions at TI = 303 K, TTI = 94 K, T1II = 75 K from the prototypic or-

thorhombic paraelectric (D; - Pm; Z = 4) into the incommensurate phase at room

temperature to the ferroelectric (ferrielectric? 3 j) (Cv - Pna21 ; Z = 12) to a

likely monoclinic phase, respectively. The axes are chosed such that in the orthor-

hombic phase b>a>c (b 3c, a: pseudo hexagonal axis).

Crystals were obtained from slow evaporation of an aqueous solution of RbCl:
ZnC12 in a 2:1 ratio. They resulted in oriented single crystal plates about 2 X 3

cm (a x c) and 3 mm thick from where samples of about 3. x 1.2 x 3.5 (a x b x c) on

were cut. These, after polished and under the microscope, showed good extinction

and no macroscopic defects.

Measurements were made with the stress apparatus (4) inserted in a conventional

dewar. Data were collected on floppy disks and plotted on a digital x - y recorder.

Unlaxial stress was applied at room temperature and 82 K in steps of about 40 bars

along the paraelectric a and c axis.

Lattice and bending internal modes are found in the 0-160 cm- spectra span
and those associated with stretching are in the 260 to 320 cm' region. In zero

stress measurements at 298 K and 82 K, the spectral features agree with those re-
ported by Wad& at al. 1 ) and will not be discussed here. Fig 1 (a,b) shows the room

temperature results of spectra under stress for the a(cc) b and c(aa) b orientations.

It can be seen that the most intense bands, associated with molecular bending, have
a definitive frequency downshift that becomes more pronounced in the stretching

regln, shem in fig lb. A small but reproducible increase in the splitting be-
twoen the line at 145 cm 1 and its lower frequency shoulder at about 124 ci"1 ses

l l
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to occur at about 30 - 50 bars as shown in fig 2. This may be interpreted as if

Rb2ZnCl4 goes from an elastic region at lower stress to a plastic like behavior in

which the downward frequency shift occurs. Much weaker lattice modes show some In-

crease in relative intensity but no change in the apparent peak position.

A' Fig 1.
ISTRFM I MM I

- a- a) .(a) Effect of uniaxial stress on

z IV Ag phonons at room teqerature
A ~in the a(cc)b geometry.

Sstress along a
,'. " " "'

a s 18 M 0 W 13 0 M 8 M3 M1 MI M1 2W0

PICQUENCY (OjMl

72 2% C-1

1 2g Mi ";-(b) Same but c(aa)b geometry in
221 • "i the stretching region.

stress along

240 22t m2S 273 231 2-0 ZV22 3C3 M 25 Mr' 7-0

To discuss the effect of stress on the internal modes one should first remem-

ber that, due to the chlorine natural isotopic abundance, the spectra will contain'

the normal modes of Zn Cl 3, Zn C1 5 Cl37, Zn Cl3 5 C13 7, Zn Cl35 Cl3 7, Zn Cl3 7. A

basic internal mode spectrum can be thought as a number of Raman components of an

envelope, that is resultant from the Raman spectra of the most abundant varietiesp )

Thus, any interaction of the ZnCl 4 sublattice will be disrupted by the effect of

stress on the short range iilterac..ions. An increase in untaxial stress will tend

to lower the symmetry resulting in Ramn frequencies closer to those found for

glassy ZnC .(6 )

This point is ephasized by similar band profile of the stretching region in

the glass (vv) and that for the a(cc)b geometry in the crystal. Three weak fea-

tures observed with crossed polarizers in the glass also appear in Rb2ZnC1 4 as

ftu mod Sutherland (5) estiated the relative percent age of various isotopic com-positions for C C14 to be 31.6, 42.2, 21.2, 4.7 and 0.4 respectively.

, m -7--I;7 l ;----
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weak overlapping bands raising the likelihood that tetrahedral Zn C14 units form

a polymer-chain-like structure in Rb2ZnCl4.

Further, Rb2ZnCl4 is known to contain commensurate domains and incommensurate

domain walls (7) that will justify plastic behavior and a lower yield to stress in

the incon ensurate phase.

On the other hand, the Ag and B2g spectra have been studied in the ferroelec-

tric phase at 82 K. No change in frequency has been found. Particularly, the

broad features assigned as amplitudon and a temperature dependent phonon (shown in

fig. 3) do not go down in frequency either as stress is applied along a or c in con-

trast with the K2SeO4 amplitudon behavior (8), at 82 K and in the same stress range.

This result is consistent with the view that in Rb2ZnC14 long range interactions

are weak and the folding of the Brillouin zone, i.e. reduction ot the coherent

length by the tripling of the unit cell below 94 K, is still operative .t 82 K and
precludes the observation of any significant stress induced change on those anhar-

monically coupled phonons. era'st e ss

Fig 2 Uniaxial stress induced 80 bar
changes on the shoulder of bar
145 cm'1 band.
stress along C 1501 O

f9babar

Fig.3 A alitudon - phonon coupled 3 bars
band from zero to 300 bars 3 r N

stress along a Y cb 82K FG2

.- - 5 Is a i 45 I= .W -23 1C -E D
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SPIN-LATTICE INTERACTION IN CERIUM ETHYLSULPHATE

F.W. Sheard

Department of Physics, University of Nottingham, Nottingham NG7 2RD, EVgand

Abstract: The enhancement of the Schottky specific-heat peak of cerium ethyl-
sulphate has been explained by Fletcher and Sheard using a model in which the
Ce3 ion levels are coupled to a temperature dependent lattice strain mode.
This theory is used to calculate the temperature dependence of the magnetic
susceptibility, which is most sensitive to the effects of the lattice mode
when the magnetic field is perpendicular to the trigonal axis. The experimen-
tal results support the theory but a detailed comparison is not possible owing
to absence of data in the crucial 4-13K range.

The thermodynamic behaviour of cerium ethylsulphate has been studied by Fletcher

and SheardI using a model in which the two lowest crystal-field levels of the Ce3 +

ion are coupled to a lattice strain mode. This model has accounted for the observed

enhancement of th, Schottky specific-heat peak and also for the temperature depend-

ence of the electric %sceptibility

A basic feature of the model is the temperature dependence of the energy separ-

ation E between the two lowest Ce Kramers doublets, which form an effective spin-I
a

system. This temperature dependence arises from the coupling of the spin-1 system to
a lattice strain. A thermodynamic analysis showed that for zero external stress the

level separation and lattice strain varied smoothly between high and low temperature

limits. At temperature T the separation E (T) is determined self-consistently by

the equation

Es (T)/E so 1 * rtanh{E (T/2kTo

where r Is a dimensionless spin-lettice coupling parameter and Eso is the high-

temperature splitting. At low temperatures the splitting is E (0) - Eo1 *).

Assuming that an external magnetic field does not affect the separation Es but

serves only to split the two Krmer& doublets, the magnetic susceptibility is given

by

X0N2 2 2 2[| 2 E (T)
X r,,, 1  92) * 1(g, - tanhf

where g ind g2 are the g-factors of the lower ( 3 - ±5/2) amd upper (m. -

Kramers doublets. U is the Bohr magneton and N is the number of Ce ions.

4 -. . '=goo
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In both low and high temperature limits x varies linearly with l/T:

X - Nfig 2/4kT (kT << Es) and x 'k ip 2 gi + g2)/4kT (KT >> ES). This behaviour i%

illustrated in figure I for the parallel susceptibility X, (field parallel to three-

fold axis). The solid curve corresponds to the Fletcher and Sheard model with the

parameters used to fit the specific-heat data (E.10) - 7.1K, r = 0.68 end the g-

values taken from EPR data g - 3.7, go - 1.0). The dashed curve corresponds to a

constant separation E. = 7.1K, equal to the low-temperature value of the Fletcher-

Sheard model. There is a small difference between these curves in the 3-10K range

but the experimental date of van den Brook and van der rarel cannot distinguish
between them.

For the perpendicular suscoeptibility Xj. shown in fiure 2 the temperature
dependence is more dramtic since, wherl the field Is perpendicular to the three-fold
axis. gi 0.20 is much loe than--42 a 2o2 4 The experimental points deviate

significantly from the dashed curve (constant E. ) In the direction of the curve for

the spin-lattice coupling model but the parameters obtained from the spaclfic-heat
data do not Sive a good fit. Unfortunately there are no experimental date i,. the
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4-13K range where the theoretical curves differ most marKedly. A closer fit to the

Fletcher-Sheard model may be obtained with a smaller value of the coupling parameter

(r ^. 0.3) but for a detailed comparison between theory and experiment a more comp-
lete set of data is desirable.

1. J R Fletcher and F W Sheard, Solid St Commun 9, 1403 (1971).

2. H Meyer and P L Smith, J Phys Chem Solids 9. 285 (1959).

3. 0 R Taylor, 0 B McColl, J P Harrison. R J Elliott and L L Goncalves, J Phys C 10

L407 (1977).

4. C B P Finn and B M Najafabadi, J Phys C 3, 330 (1970).

5. J van den Broek and L C van der Marel, Physica 29, 948 (1963).

Jz

tI

1 "



JOURNAL DE PHYSIQUE

CoLoque C6, aupplgment au n022, Tome 42, ddcembre 1981 page c6-599

LATTICE DYNAMICS CALCULATIONS FOR SOLID BIPHENYL IN THE HIGH

TEMPERATURE PHASE

T. Wasiutynski, 1. Natkaniec and A.I. Belushkin4

Institute of Nuclear Physics, Xmakow, Poland
*Joint Institute of Nuclear Research, Db4na, USSR

k1rt " lattieo dymios model with expiloitly Inoluded
Int Ip y modes was foaulatedo SW Itermoleoular potomm-
tia1 of the 06-4zp" for. with Illlams paramters was used.
2he pham transltlon to tho linomnsurate phase was later-
protod as a phomon instability for the wave vector lnside the
Brlllomln sen q a (0. 004, 0).

1. Vbji . - Tho potential energy of the crystal ior study Is ex-
pressed in the forms

Vz- 1 E(K1i.' 2 4 K2%.+ K3(rm-r) 2 +.K4 si 2 v #I.]j
2 m m m 0 mn

hoe first torm In (1) describes in-pme doformation of the C-C bomd,
* the seeoid term describes em-of-plame doforsatimn, the third torm

strtohing, the fourth torsiono tft lest term desoribes lateraotim
between obemoally aemboded atoems ad ha the well known 06-ezpm

fo m V IA exp-B.r. -C r6 3( 
)I

mn ij ij j "i ij ]
j

Who emprical paramoters A, 3 md 0 wore taken from WllIam /1i/
ho remaining paramters in (1) "ere adjusted In order to obtain

the boot agreemnt with tb6 oxpotmet. Me final values Im units of
koal/mele ad A we

'& a 128 = a-" S a 1. as 35.8.6 ro  1,93T

2, Jjg. - ho lattice dyammlos aomlulatioms hav to be performed

at th mwa mm of tm lattlce energy. tis to the oguditiem for the
lattieo stability, A the tirit step the latle eegy was mini-
ilie vI rOspeet t all structural prmisters. Wo "suits an

pyeeeto is table 1.

taie

*W hompaqrison of ealomlated me I Sohal crystal
struetuie of solid btpkmnl at high temperatWo has

a ~ .,s'ref.*$"' TOT". .&A.... " A 0

r as 5. 0." 6 03'
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where aq bp a an p areuit ellparmeters ca1  2 , 1 '3 are
Jkler angleu of the molecule, With the help of the Isterueleoular
potential ef the ferm (1) the phenen iispewe env aue In harmemlo
approximatien were calculated, Figure I presents 16 low lying ph.-
sn branohes.

cm- q Il S,0) CK
350 -ANTISYMME7RIC SYMMETRIC 35

340---- 34.O in plane

330- 3

320? 320 stretd'ing

280 280 ot of plane
270 270 i ln
260 280

out of plane

Fg. 1 1 Pbou" Aispe.siow,
cprs aIa. biphnul for Mile
(0 1 0) direetiom,

As ea be seem from the fl~uire~tere is streeg; mixing between ozter-
al mqdoo of the biphewlil moleoere and the two Istetma1 30005 g ont-

-ef..glam defermatiewmid torelos. All the mod"e ahow large disoer-
olon. It *1*" Inspoetiom of the e~inveoters of the lowest btftob
gives vIfoma$Inm Aboet the oherater of the motion, Fair small q
values the obamter of MWe mtlvn Is tramelistiemal. For larger q
Values the obarastor of thle eanr" ohae to the torsional e. For
the 3-0.4 wre there io a deep miimi is the emw It Is pro-
iwawly off we $a*&somml 67je,0 pee itlem, of the sum As

__ __7T_ __ _
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very senitive to tbe value of ZA. It 1 ootneed with the lnsta-
bility of the torsional "*., his fact woo oeoflzued ezerimntal-
ly b7 soorest neutren smattering by CIllmo ot ale /3/. Me
fen soft nos like behaviour of the Phones at I a 0.4h uhioh to
In quite good agreement with the present oaleulatIem

/1/ DOL 1lliins JoCbeu.Pby. il. 4680 (196T)
/2/ B.P, Charbmoau Y. Dolgoards A0ta Crystalloag. h% 1420(1976)

/3/ 3. CaIlleoaa, . ussa, J. Mmme 9.114 State Comn, 5 21
(ity').
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PHONON DISPERSION CURVES IN THE MOLECULAR CRYSTALS NAPHTHALENE AND
ANTHRACENE MEASURED BY INELASTIC NEUTRON SCATTERING

B. Dorner, E.L. Bokhenkov*, E.F. Sheka*, S.L. Chaplot* G.S. P.wl.y
J. Kalus **, U. Schmelzer* and I. Natkaniec****

ILL Grenoble, France

Int. Sol. Stat. Phyaices, ChernogoLovka, USSR
**Physice Dept. Univ. adinburgh, U.X.

**Phyeics Dept. Univ. Bayreuth, F.R.G.
****Inst. Nuct. Phys. Krakow, Poland

Abstract. - We determined the 12 external and the 4 lowest internal
dispersion branches for several symmetry directions in naphthalene
at 6 K and anthracene at 12 K. The zone centre modes have been as-
signed unambiguously. The temperature dependence was studied for
both crystals, while the pressure dependence only for naphthalene.
At constant volume the frequencies of naphthalene would increase
much more with temperature than those of anthracene.

By inelastic neutron scattering we determined the 16 lowest phonon dis-
persion branches for several symmetry directions for deuterated naph-
thalene at 6 K and for deuterated anthracene at 12 K. These two mole-
cules crystallize in the same monoclinic structure P21/a with two mole-
cules per unit cell. Unter the assumption of rigid molecules one ex- )
pects 12 external modes. This assumption is acceptably well fulfilled
for naphthalene, where an energy gap of about 1 THz was observed be-
tween the external and the lowest internal modes while in the case of
anthracene the four lowest internal modes are in the region of the ex-
ternal modes and a strong interaction is observed, see Fig. 1

- -Fi. 1, The 16 lowest phonon
I I-'- \ Ml --. ' dspersion branches in Anthra-

10101 '. =cene at 12 K. The dotted lines

visualize experimentally de-
t termined anticrossings and

- -l eigenvectorexchanges. Sound
velocities at 300 K are in-

* ~ *dicated by straight lines.

r r y r CA r A
MV114 SVW SN AlTISU ANTISiN SYM

PHONON WEVECTOR

"' s . A

' . :'l ' ' ' . ...I . . ... ...... .-.
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To perform the experiment it was crucial to have a lattice dyna-

mics model calculation bef-rehand. The model is based on atom-atom

potentials between different molecules /1,2/.

With help of the calculated eigenvectors the phonon intensities
in different Brillouin zones have been predicted and nicely confirmed

by the experiment (3,4) for the centres of the Brillouin zones. For

finite phonon wavevectors many anticrossings of modes and eigenvector

exchanges have been observed and analysed experimentally. For these
two molecular crystals we obtained a complete set of experimentally de-

termined dispersion curves. All zone centre modes have been assiged un-

ambiguously to their groupe theoretical representations. The agreement
between measured and calculated /5/ frequencies was qualitatively good

but differed by up to 20%. The inclusion of a quadrupol moment /6/ im-

proved the agreement very much.
In the case of anthracene we analysed the lowest internal modes

further by an eigenvector determination /7/. The four lowest internal
modes correspond to the B 3u (Butterfly) and the Au (twist around the

long axis) modes of the free molecule.

The temperature dependence at normal pressure has been investi-

gated as well /8,9/. All phonon frequencies decrease with increasing

temperature and the signals broaden such that many branches become un-

observable at room temperature. We tried to include anharmonic effects
by calculating the third and fourth order terms of the potential experi-

enced by a particular mode with its proper eingenvector /lo/. The am-

plitudes of all other modes were kept zero. The calculculated anharmo-
nic contributions had the right tendency but were much smaller than the
observed ones.

Fig. 2i Temperature depen-
dence of librational fre-
quency (2.52 THz at 6 K)
versus temperature dependent
volume. Measured( ---- ) and
calculated G....) GrUneisen-
parameters give frequency
dependence at const. T.

The pressure dependence is so far studied only for naphthalene at

100 K and a hydrostatic pressure of 3 K bar /11/. We found very good

agreement between measured mode-GrUneinsenparameters and calculated

j - ---. ~.-- _____________________________________- -

. . . . . . . . . .

I . . . . . . . .. .
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ones /12/. This good agreement sollicitated a calculation for negative

pressure, this means for an increased volume. The decrease of the li-

bration frequency at normal pressure with increasing temperature is

plotted in Fig. 2 versus the temperature dependent volume change to-

gether with the calculated ones for the expanded volume at const. tem-

perature. Apparently the experimental frequency decreases less than pre-

dicted from the GrUneisenparameters. Thus we conclude that in naphtha-

lene frequencies at constant volume would increase with increasing tem-

perature. This observation agrees with results ' "om pressure dependent

Raman scattering /13/. Encouraged by the good areement between measured

and calculated Grineisenparameters for naphthalene we calculated them

for anthracene /9/, and made a comparison like the one in Fig. 2. We

found that in anthracene the frequency shift at const. volume would be

smaller than in naphthalene, again in agreement with /13/. Nevertheless

we plan to measure the pressure dependence in anthracere as well.

/l/ A.I. Kitaigorodsky; J. Chim. Phys. 63, 9 (1966)

/2/ D.E. Williams; J. Chem. Phys. 45, 3770 (1966), 47, 468o (1967)
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G.'S. Pawley, U. Schmelzer and E.F. Sheka; J. Phys. C. 13, 4265
(198o)

/4/ B. Dorner, E.L. Bokhenkov, S.L. Chaplot, J. Kalus, I. Natkaniec,

G.S. Pawley, N. Schmelzer and E.F. Sheka; J. Phys. C submitted

/5/ G.S. Pawley; Phys. Stat. Sol. 20, 347 (1967)

/6/ R. Righini, S. Califano and S.H. Walmsley; Chem. Rphys. 50, 113
(1980)
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NEUTRON SPECTROSCOPY OF INTERNAL PHONONS OF NAPHTHALENE AND

ANTHRACENE CRYSTALS

E.L. Bokhenkov, A.I. Kolesnikov, T.A. Krivenko, E.F. Sheka, V.A. Dementjev
and I. Natkaniec**

Institute of Solid -"tte Physics, Academy of Sciences of the USSR,
Chernogolovka, USSR
The Timiryazev Academy of.- -iculture, Moscow, USSR

** Joint Institute for Nuclear Research, Dubna, USSR

Abstract,- Inelastic incoherent neutron scattering (IINS) spec-
tra from anthracene and naphthalene cryftals were measured at
T=4.?K in the energy range 200-1500 cm . Experimental data are
well described by the calculated spectra of one-phonon scatter-
ing.

The IINS spectra from antracene-do and naphthalene-d0  polycry-

stalline specimens were obtained at 4.7K using the KDBOG inverted

geometry time-of-flight spectrometer at the IBR pulsed reactor of the
JINR Dubna ) The spectra measured result from a three-dimensional
convolution in the form

where F is the apparatus function of the spectrometer and 6 is the

cross-section of neutron soattering. A detailed description of all I
the quantities that appear in Eq. is given in Ref.2.

Proceeding from the solution of the harmonic dynamics of a poly-

atomic crystal (3) we calculated the cross-section of one-phoao
IIN8 computing previously the weighted density of states.

In the top of Fig.I the function g( ) is the density of states
of the 144-mode phonon spectrum of anthracene crystal; in the aid-

part G(4 ) depicts the weighted density integrated over all hydroge-

ne atoms. The cross-section of one-phonon IIN8 is shown in the bot-

tom of Fig.I.

Zxperiental spectrum of IINS from anthracene crystal is shown

in Fig.2a. lg.2b demonstrates the calculated spectrum of the one-

phonon IIN8 in the range of the internal phonon modes which is the

result of the convolution of the scattering cross-section (lU.I,

bottom) with the appa'atwu function of the instrument. A seen from

Pige2 this spectr fits the experimental one rather well. It should

be noted that though the energy resolution of the instrMent is not
high ad souto to an arage of 7%, neglect of the phonon diaper-
sim aud replacement of G(4 ) by a set of 9 -function lead to a ca-

siderable deviation of the computation from the experiment.

__,, i i t
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V) Pi -I Calculated g()
!.o ne-pnonon cross-section

(bottom) for the 1r44
mode phonon spectrum ofanthracene- lo crystal

I_,Ai I-I

t Er-o-gy,crn- l

taTo ant1hraceun.-d_
orystal in the ener
region 200-1500
a* A riment,,T40715:
be Calculated spotruu
of one-phonon % IlS

0

0 0 200
TOF dwvigt rafiNftPerinental spectrum of 1IN8 from nephthalez crystal i.s shown

in F16-3o. Spectrum in Fig.3b is calculated in the am way Sn it
was made above for anthracene crystal. Spectrum i.n pi,3a Is 6eloulat-
ad approximating the internal phonon density of states b7 a set ot
S' -functions. As iseen frea JiU.3 both calculated spectra destcrbe
the Main features of the experimental one wall, since in the energ
rinse 300-0 ea-: 0e ph0nen dispesiOn tur ed out to be co~mpa-
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able to or loes than the instrument resolution. But in the range

200 cm-i and lower only the inclusion of phomon dispersion enables

the experimental spectrum to be properly described.

Cj% -47K C

Fi, : IfINS TOP spectra from naphthalene
-d crystpl in the energy region 170-
a. Cglculated one-phonon IItS spectrum in

b the 0-approximation for non-interactingi ' .~mlecules; h asso

b. Calculated spectrum on the basis of
solution of the dynamical problem for 108
crystal phonon modes;
c. Experimental spectrum, T=4.7

Fis.4 sCalculated and measured dis- )

r -sion of the lowest internal mo- - t

SO (MB- -lower, hA,-upper) of naph-
thalenegd8 crystat 17

Reduced mavevector
Fig,4 illustrates the comparison between the measured dispersion

of the two low-frequenc7 internal modes of nephthalene-% crystal(4 )

and calculations (solid and dashed lines). The calculations perform-

ed by the method described in Ref*3 fit the experiment very well.
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A CALCULATION OF THE PHONON DISPERSION CURVES IN TRIGONAL AND

MONOCLINIC SELENIUM WITH THE HELP OF A SINGLE VIBRATIONAL POTENTIAL

M. Merian and J. Etchepare

Laboatoire d'Optique App Zique, Ecole Polytechnique, EooZe Nationale
Sup rieure de Techniques Avancde8, Batterie de 1 'Yvette, 91120 Palaiseau,

Abstract.- We present phonon dispersion curves in trigonal Selenium (chains)
and zone center phonons in a monoclinic Selenium (rings) calculated with the
same internal force constants. Most of their differenc es in phonon energies
can be explained by intermolecular interactions which in both case promote
a tetrahedral neighbouring leaving some danglini bonds in monocltnic Se. Long
range forces of the Van der Waals type were neglected in first approximation.

Helicoidal infinite chains in trigonal Se (t-Se) and'eight meimbered rings Ses
in both a and B monoclinic Se (a and B-Se) exhibit very close values of their first

neighbours bond lengths r... and bond angles e- = (r r , - - ) and very cTou
KtK+I k = k k-1 kk+i

absolute values of their dihedral angles Tk. An harmonic potential V(2, which is

internal to the molecular unit and written in the Wilson coordinates Ark,k+ 1, bek,

Alk should then contains similar force constants f

V1 ) = (f r 2 + fe (Aek) 2 + f (A t) 2 + cross terms (1)int k k ~ ~) 0 dk

To describe the intermolecular binding energy, we take

Vext = A X [exp(-R kK) - +B V(kK) (2)
kK kK

A, B and C are constants. The RkK are the external Interatomic distances between k

in one molecle-and K in the others, up toR K - 8 A. V(skK) l5 a four atoms term

due to angles a kK between the RkK < 4.366 A (second external neighbour, length in
t-Se) and their equilibrium position. It will be explained elsewhere why the first

ters in (2) play little role on phonons frequencies in t-Se, a and o-Se ; it will

therefore be ignored here.

The first order variations sn of GkK may be expressed as linear combinationsof

Wilson coordinates and thus are linear cominationsof first order cartesian atomic

displacements uk k
k-1n kK B k' (3)

k'nk' .Uk. whr k
K

- - i "m i l .. . .I -
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Then the force acting on atom k is

. +dV(ak'K') "
Fk =- r , Bk (4)k'K T k K.

We almost obtain zero forces on each atom k in a-Se (and 0-Se) by choosing

V ' (1-cosaukK) and by taking Into account only those angles akK which are within
10 from the two equilibrium directions Dk and Dk. These directions are in the
bissector plane of the angle sk , at an angle y- the same for all k - of 120 from

the normal Nk (or -Nk) to the intra molecular plane (k-1, k, k+) (figure 1).

4..

k =o Dk ek k-1 ekk+1

k-1 b. -cs • sin ek
-k -7 sn 9 ek,k-1 +  k,k+5

- - ekki (5)

2 cos k

I'*= (k,k.1 - ek,k-1) / (2 sin Tr) (6)

(Figure 1

The _ek in (5) and (6) are unit vectors along the bonds. The appearance of E willkk'
be explained below.

In t-Se both of these directions are occupied by a bond within 30 (fig. 2).

In monoclinic Se at least one of them is occupied by a bond within 10 . This is true

for each atom (fig. 3 for a-Se). No in-plane equilibrium direction roughly along I
first internal neighbours bonds is found for a-Se as opposed to the case of t-Se.

Y

>>, K

N3 .3 U N2

1.2

Fire 2 :projction on the( ~~ Figure 3projection on the x yplaneIT___aw to the-sr "is c.) of of the 4'ato * a t to 8 of one ring of
the 3 atom k - 1.2,3 of one unitcell the a-Se unit cell and of the extenal
of t-Se and of their two firsl exter- nds RK which ire w*tj)ly q N or
n l neighbmrs roughly along Nk and -ilk (full lines) or iK,;iK (dottod hnesd

"11k  4

A^
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Using first order u for AiKonly gives those variations of0 Kwihare in
* -$ +*Ak fGk hc

the plane (Dk Rkx) or (D RK) For very small ak the variations of the angle of

R kK with the normal to these plane must also be used with about the same weight as

AkK* We then decided to use two angular coordinates instead of the AczkK : t he

Wilson out-of-plane variation Aak of the angle ok between RK and Nk or ANkand the

variation AykK Of the angle between R kK and the unit vector E or -E k normal to the

bissector plane (fig. I and Eq. 6). The external vibrationnal potential then becomes:

() akKz (< &8) 2 A)~ + kK O+A±Ar 100+r
Vext o f a ', ["k)+(&kK9+ ra t kKkK )(rk,k-1 A k,k+i)kK kK

(7)
The last term with the force constant f rain Eq. 7 is the best one we found to des-

cribe the quite strong dispersion of the highest frequency branche FrK in t-Se

(fig. 4). rhe signs + or - has to be taken such that the forces push K~ in the bissec-

tor plane toward Dkor D' k (fig. 2). The first term in Eq. 2 does not give this dis-

persion with the coefficients which were calculated for equilibrim in ci-Se and
t-Se : P ..54 A and C a3.00 A 6.

Solving the elgen values equation of the total dynamical matr~x V!)+V(2 we

obtained the following results with the same force constants for t-Se anS ._Se:
0 02f= 1.256 and frr =047 md/A, f~ = 949 and f=.150 md.k/rd f z.u=092 md/rd.

26? 269 Mf 28 ff4 U

267 an as m e

41M 44 4244 M (,

M23 2 6 21
l21" U 5 In In IE'

r3 " 42 1, In 11.Inr(.
110 I. lov *1 m

Fl9. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 0 4 phon 114 t-e Th(Ahsihset)tbe h istfu o
assigmements~IS are 97~lmna data ir (9,)giete n cne

on0ege r2) fe eniso -ei t
spc group.7

In ~ ~ ~ ~ ~ ~ K the fift c42u of table 1 rChexeienaleut n sgeet o

tical~~~~~~~~~ aad Itpeiena Vhfne gu o ohtS n -e

1.0.~~~~~~ tiOV Is 17oi tt am ,13 97
I ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 2 isD 14Ne l 9y.C oldSaePy.8 75 1.
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ULTRASONIC RELAXATION IN a-SULFUR

M. Doissier, R. Vcher and B. Perrin*

Laboratoire de Spectromtrie RayLeigh Brillin (ERA 460), Universitd des
Sciences et Techniques du Languedoc, Place E. BatailZon, 34060 MontpeZier
Cude=, France

Dipartement de Recherches Physiques (LA 71), Tour 22, Univerit4 P. et M.
Curie, 75230 .4riie Cedex 05, France

Abstract.- We present new measurements of the temperature dependence of
acoustlC damping in a-sulfur. The anomalous elastic properties observed
in this crystal are described in terms of a "mlecular relaxation'.

Previous studies of the longitudinal acoustic wave propagation in a-sulfur

have revealed an unusual behaviour. The sound absorption is very high for a dielec-

tric crystal.' Furthermore, Brillouin scattering measurements have given evidence of

a large departure from the usual w2-dependence of the attenuation and shown the re-

lated velocity dispersion in the frequency range 10-25 Giz.
2 A phenomenological des-

cription of these properties has already been given in terms of a relaxational p-o-

cess involving a single relaxation time.
3

We went to discuss here several arguments either qualitative or quantitative

allowing to interpret the relaxational process as a "molecular relaxation". We also

present recent Brillouin scattering measurements of the acoustic absorption a as a

function of temperature. The results, shown in Fig. 1, indicate a temperature depen- '
dence of a very different from that observed in others dielectric crystals. This

confirms that the Akhieser damping mechanisms (which, in most cases, accounts well

for the acoustic damping in dielectric crystals for the frequency-temperature range

considered here) is insufficient to ex--
(1,0,2O5lmiludl ve* plain the results in a-sulfur.* 25 Gkfr

* 22 Hz In molecular crystals, the internal vi-

3, a GMz brations of molecules are slightly affec-

ted by the lattice vibrations. Therefore,

internal and external vibrations of vole-

21 9 cules are weakly coupled in suc~h crystals.
a If an external perturbation is applied to

the crystal, this weak coupling corres-

ponds to long relaxation times of the

phonm populations during the thermliza-

,3. tion of the pionan gas. This effect,

which can give rise to an ultrasonic re-
YtMPMA?Uf (9) laxation, will be called 'molecular re-

............-...... ... •..
m m m + I -I : I
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laxation" in the following. The existence of such a phenomenon in solids has first

been suggested by Liebermann.5 More recently,6 it has been shown that, for this re-

laxation mechanism, the amplitude of the relaxational ter reflects the anisotropy

of the solid. In contrast, the frequency dependence is not affected. Furthermore,

a new expression for the relaxation amplitude has been proposed ; when the relaxa-

tion spectrum reduces to a single time, the following expression for a is obtained

1 2TijkCVeikj]2 C I 2 (1

aR~ CVJ 'C 1 T
where s and w are the velocity and frequency of the elastic wave, respectively,

p the mass density, T the absolute temperature, CV the specific heat at constant

volume, CI the specific heat associated with internal vibration modes, c ijk the

elastic constants, 0. the components of the thermal expansion tensor, ei and kj

the components of the polarization and normalized wave vector of the wave, and T

the relaxation time.

On the basis of the following arguments, we propose the "molecular relaxa-

tion" for explaining the anomalous acoustic properties of a-sulfur :

(i) According to (1), the transverse waves propagating along the symmetry

axes of the (orthorhombic) crystal do not give rise to '"olecular relaxation", in

agreement with experiment.
3

(ii) As the coefficient of the relaxation in (1) varies strongly with tempe-

rature, it can be shown that this variation is compatible with the experimental re-

sults for a plotted in Fig.1.

(iii) The analysis of the frequency dependence of the attenuation shows that

the expression a = (AT/(I+ 2T2) + C)W2  (2)
can be fitted to the experimental results. The coefficients A, related to the ampli-

tude of the relaxation, C, describing that of the Akhieser damping and T are given

in Table 1. In this Table, T appears nearly insensitive to the anisotropy, in agree-

ment with an interpretation in terms of a "molecular relaxation".

(iv) By comparing Eqs. (1) and (2), an estimate of CI can be deduced for each

of the propagation directions studied, the other quantities appearing in (1) being

known. This value has, obviously, to be the saw for all directions. The results,

shown in Table 2, indicate a (statistical) dispersion smaller than 4 % for C . The-

refore, the anisotropy of the relaxation amplitude is wrell described by the "molecu-

lar relaxation" model.

(v) Finally, C1 was calculated directly from the ftrpencies of the internl

modes measured in Raman scattering and infrared absorption eqeriments. In this cal-

culation, we neglected the spatial dispersion of internal moaes. Such an estimate
gives 0.98 xl0 J.r'.rl, which is close enough from the average yalue of CI in

Table 2 (0.81 xlog J..,K-'s).
In conclusion, we suggest that the relaxational behaviour of the &cousic

proprties of a-sulfur would be the first evidence of "molecular relaxation" in an

now__-___-_____________"___-, __

R"
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Table 1 -

Propagation (100) (010) (001) (110) (101) (011)
direction

A
( A06 m x s) 5.6 9.0 3.2 8.2 6.2 4.1

C

(10-i1 in-1) 5.7 2.6 6.4 3.3 1.5 3.9

(s 10.3 10.3 10.5 10.S 10.5 10.S(ps)

inorganic molecular crystal. It seems therefore that this phenomenon is a characte-

ristic property of what we can term, in a broad sense, the "molecular",crystals.

I J. Sapriet, L. Rivoattan and J.L. Ribet, J. Phy8.(Paris) 33 (1972) C6-150.
2 R. Vacher, J. Sapriel and M. Boissier, J. Appl. Phys. 45 -974) 2855.
3 R. Vacher, M. Boiseier and F. Michard, in "Light Scattiing in Solids",

(Ftlanar-ion, Paris, 1975) p. 651-5.
4 A. Akhieser, J. Phys. (U.S.S.R.) 1 (1939) 277.
5 L.N. Lieberqnann, Phys. Rev. 113 (1959) 1052.
6 B. Per4in, Phys. Rev. (to b--pubi shed).

Table 2 - Experimental estimate of CI at 293 K from relation (1)
(p = 2.07 x 10' Yrg.m - 3 ; CV 1.39 x 106 J.m-3 .K-').

1,0,0 0,1,0 0,0,1 (1,1,0) VT (1,0,1)

s(M x s-1) 2641 2493 2997 2484 2628 3144

(cijktOeik 1 0.909 0.983 0.871 0.943 0.879 0.919

C (106 J.*-3.K -l 0.780 0.827 0.747 0.820 0.830 0.843

0 .
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RECENT ADVANCES IN THE THEORY OF PHONONS IN SEMICONDUCTORS

..M. Martin

Xerox Palo Alto Research Cinters, 3333 Coyote Hill Road, Palo Alto, CA 94804,
U.S.A.

Universitg P. et M. Curie, Dept. Recherches Physiques, 4 place Jussieu,
76230 Paris, France.

Abstract - Calculations of structural energies of solids have recently reached a new stage,
in which it has been shown to be feasible to calculate directly crystal stuictures of
minimum energy and distortion energies that determine harmonic phonon eigenmodes
and anharmonic terms. In this paper are discussed 1) calculational methods. 2) recent
results, which have been shown by several groups to give accurate results for Si, Ge,
GaAs and Se with no adjustable parameters. 3) the corresponding electronic charge
densities, which show graphically the bonding and suggest interpretations for the origins
of the atomic forces. Comparisons of direct computations of total energy differences
with second-order perturbation calculations of harmonic coefficients shows the
advantages and disadvantages of each method and how each can complement the olhe.

L tuim

The structural properties of solids consist of the equilibrium structure and the dynamics of

the motion of the atoms around their equilibrium positions. The subject of this conference is '
indicative of the division of this field of study into separate areas-both experimentally and
theoretically-with the interest here focused upon dynamics. Within this division there are

many subdivisions into harmonic phonons, anharmonic interactions, coupling of phonons and

photons etc. However, it has been shown recently l'. that all of these structure-relat properties

can be considered theoretically in a unified manner so that equilibrium positions, harmonic and

uiharmonic forces, effective chnes, etc., can be calcuated directly from the undedyin
Hamiltob i of the electron-ion system. The methods that have been devised are particularty
well-sited for semondut6i, and complete cakultom on SL 4 Oe,0 GaAs and Sel have
diown that very good agrement with experiment (and confident predictions of quantities to

known experimentaMy) can be achieved with ab Initio' eculatio, !having no adjustabe
P aueser. In this paper I will attempt to present a brief review of this work, oriented to

etphasize the dynamical w and to provide relations among many theoretical papers

Pteened at this 4AW

Structural energies and forces ate determined by the total energy of the system of ions and

eletrons Within the adiabatic apoimation the electrons'respond itaanosyon the
time scale of gamic motios and the totl energy can be consi red a function only of the
positiote of the ions, which we denote schematically by Rt. The total ene can be writteox
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E,(R)= E1 (R) + Ed(R), (1)

where E is the direct ion-ion interaction energy, and E. is the total energy of the electrons
moving in the potential field of the ions, including the quantum mechanical kinetic, exchange,
and correlation energies. The equilibrium structure is determined by minimization of the total
energy, a necessary condition for which is that the force on every atom is zero at its equilibrium
position. Ts is the first step in any ab mitio calculation of structural energies.

Distortion energies that determine the stability of the structure, phonon frequencies, etc., are
given by E.(R) for positions R away from equlibrium. There are two primary ways to proceed
at this point 1) the "direct" method, 12 in which E(R) is calculated directly for the distorted
crystal and 2) the perturbation method,14 in which the energy is expanded to second order in AR
to determine harmonic phonon energies. The latter approach, also termed the dielectric
finction formulation of lattice dynamics,1' has a long history's and has been successfully applied
in free-electron-like metals s however, crystals with covalent bonding are much more difficult
and explicit evaluation of these formulas has been reported in only a few instances?-WM The
advantage of the perturbation method is that any harmonic phonon at any wavevector q can be
treated. The disadvantage is that it requires a heavy machinery and it is limited to harmonic
properties. We will first describe the "direct" method, which shows most clearly the unity of the
theory of structural properties, and in the later sections we will return to other formulations.

EL The Direct Method
The "direct" or "frozen phonon" methodU provides a unified approach for calculation of

structural energies. It discards the notion of the orders of perturbation theory and treats the
distorted crystal directly as a new crystal, with a new structure having symmetry lower than the
undistorted crystal, whether the magnitude of the distortion is large or small. Exactly the same
methods are used for undistorted and distorted crystals and the total energy is calculated directly
as a fungtion of the positions of the ion centers. In a unified manner one can find the
equiibrium structure, harmonic and anharmonic energies, and properties of the electrons, such
as polarizabilities and dipole moments. 7 Previously, such direct calculations have been
restricted to simple high-symmetry crystal structures.19 The extension to distorted structures
greatly extends the usefulness of total energy calculations and it provides a very severe test for
current theories of exchange and correkoi, energies in interacting electron systems.

The approach which has proved very ,wccessful and feasiole fqr calculation of exchan and
correlation energies is the density functional method of Hohenberg., Kohn, and Shmnm who
pmve, that the total energy is uniquely related to the ground state char density n(r) through a
fimctional E = Fn. Evep though the exact form of Fln] is unknown, it is extremely ueful
that the theory is formulated in terms of n(s) which is itself a.meauarable quantity. For
example, danges in char density are directly related to the distaoioa enegiems.wa we
determined rigously by n(r) a shown by the Heilman-Feynman theorem,W 5' and dielectric
rqnimea functions Can be uniquely related to fimcdonal deritives of FlnI.= Explicit solutions

Sr 00) rmit from the varional requirement that fin) is minimum for the correct n(r). In
Rel 20 It was diown how o'ne could define traableself-conmistent solutions to the variational

1j
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equations if the exchange-correlation part of the functional e, is assumed to be local Within

this local density functional (LDF) approximation the function e, (n(r)) must be the same as for
a uniform electron gas e.(n) for which various functions have been proposed and utilized: the
well-known n1 3 form with coefficient - 0.7-0.8,Z27 the Wigner interpolation formula4 and

othe 3.19 These forms are very similar in the range of n considered here. The results given

below strongly support the conclusion that the LDF approximation is very good in the
semiconductor crystals and that the agreement with experiment is better than can be justified by
rigorous anahysis.

The most important advance in the recent work is the development of techniques to solve

the self-consistent electronic equations rapidly and accurately enough to calculate the small

energy differencies between distorted and undistorted crystals (the non-systematic errors must
be less than 0.01% on the total energy). The method to make this feasible in semicondutors is
given in Ref. 2: the important simplifications are the use of pseudopotentials for. the ion cores.

the "special points" method" whereby the sums over the Brilloun Zone can be reduced to a

few points, Lowdin perturbation theory for higher plane waves, and schemes to quickly reach
convergence.23 All these steps can be checked and it has been found possible to achieve
essentially arbitrary accuracy in the solutions, Let us note, in particular, that the use of a

pseudopotential is just a convenient procedure for eliminating the deep core electrons. It can be

generated in an ab initio manner to reproduce very accurately the valance charge density.2' The
only essential approximation is the assumption that the core is rigid. Even this has been tested
by Harmon. Weber. and Hamann 4 who have carried out all-electron calculations and have

shown that the rigid ionic pseudopotential is very accurate except possibly for very large

deformations where effects of non-rigidity of the core were detected.

II. Results of Direct Calculations

The most systematic and complete investigation of the structural properties of a crystal has

been carried out for Si2"4 using the direct calculations of F_.. The original work of Wendel and

Martin 2 on the equilibrium and harmonic and anharmonic energies has now been extended in
Refs. 3 and 4. Yin, Ihm. and Cohen 3 have utilized more accurate potentials and considered

many crystal structures and phonons. It is remarkable that the lattice constant, bulk modulus,

and p at r, X, and L, and Gruneissen parameters are all calculated to within a few
pucent of experimental values.) Harmon, Weber, and Hamann have derived many of these

quntities in al-electron calculations and have in addition calculated the internal strain

parater and the cubic adhurmonicity of the TO(r) phonon. Boe upon these reMits, it is
dear dt Si is one of the best understood orall crystals from a structural point of view, and that

midence ca be placed ia other oipuh, e. g. anhanmonicty. no known experimentally.

Aside from the interesting results for the eneties, particularly to low frequency TAMX)
modes and its negative Gnmeisen parameter 2 4 the calculations show directly the role of the

eectrons in determining the fores. For example, it is shown in Ref. 2 that the ion-ion ftirces
demabilize the TA(X) and the closdy-relMed shear C.-CU elatic constan It is the covalent
electon f t that give the shear stability. Fwthennore, the low TAMX fDequecy

renults fom relaxation of the bonding charge density between certami atoms is shown i Fig
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5 of Ref. 2.. This rotational-type relaxation is very similar to the displacement of bond-charges
in the adiabatic bond-charge model of Weber,25 however, the upper part of figure shows that
there is also charge transfer between the bond charges. This is especially important in the bond
stretching modes, such as TO (r), and is not included in the bond-charge models.25 This is an
example of the electronic effects that determine the atomic forces and which can be given in ab
Initio calculations. It may be possible to include such effects in future model calculations, but it
is essential to have the ab inito calculation to determine what is the appropriate modeL

In the cases of GaAs6.7 and Seg new features euter the theoretical considerations. GaAs is an
example of an ionic crystal in which there are long-range electrostatic forces which cannot be
included in the types of calculations used for Si and Ge.'-5 It is shown in Ref. 7 how long-
ranged Coulomb forces can be included in finite cell calculations with a cell size which is

feasible (8-12 atoms per cell67). The key quantity is the effective charge which may be
determined by displacing planes of atoms in the crystal and calculating the dipole moment
resulting from the bare ion plus the electronic contributions.6.7 In Fig. 1 are given change in

electronic charge density calculationed as described in refs. 6 and 7 for GaAs crystals with
displaced (001) planes of atoms, Ga planes in the upper part and As planes in the lower part of

the figure. The ionic plus electronic charge contributions define the longitudinal effective
charge 7 and the calculations give +0,155 for Ga, and -0.148 for As comnared to the
experimental value of ± 0.197, where the sign is unknown experimentally. The close agreement
for Ga and As taken from two independent calculations shows internal accuracy of the
calculations. The power of the direct method illustrated by the fact that exactly the same
computer programs and convergence criteria can be used for such apparently diverse problems

as the effective charge7 in GaAs and the electronic potential for Ge-GaAs interfaces23.

100 Goa

DISPLACED

t

aG As Go Fig.1. The change in charge densityper
unit displacement of the central plane of
atoms, Ga in the upper curve and As in the

As lower. The double arrows indicate the
AC displacement to the right The coordinate is

DISPLACED in the [001] direction and the density is

averaged over (001) planes. The longitudinal
effective charge is the sum of the ionic pan
plus the moment of the electronic demity
shown here. Details are given in Ref. 7.

f tt ! t
G As Go As

II
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Another problem of general importance encountered in GaAs is that, at points such as X,
the phonon eigenvectors are not known experimentally. Eigenvectors are just as important as
eigenfrequencies for a complete description of lattice dynamics, yet they are difficult to measure

and generally are unknown except when determined by symmetry. It is possible to determine

eigenvectors from cross terms in the total energy and this has been done via direct calculations
for GaAs at the X point' in the first ab iWHuo calculation of eigenvectors to the knowledge of the

author. The results are discussed in detail in Ref. 6 where it is shown that the calculated

eigenvectors provide a very stringent test for phenomenological models: of six different models,
all of which fit all known frequencies extremely accurately, there is complete disagreement on

the eigenvectors and only one (and perhaps a second) is even close to the present results

The unique advantage of the direct method is the ability to calculate energies for large
displacements of the ions. Let us consider one example, perhaps the most interesting of the
results reported so far. In calculations described in Ref. 6, it was found that for several
displacement patterns in GaAs the energy has the form ELR) = % + Au2 + Bu' + Cu', with
A,O, but B<0. This can lead to interesting results as shown in Fig. 2 for the TA(X) mode in

GaAs. The harmonic frequency of this mode decreases with pressure (decreasing lattice
constant in the figure) so that a second minimum developes which eventually has lower energy
than the undistorted crystal. Thus the calculations predict a first order phase transition to a
lower symmetry structure at a pressure where the squared TA frequency is reduced by a factor
of about 2, which may occur before the known transition to the metallic NaCI phase.

pzo a s 5.65AGo As
10 Fig. 2. Variation of the calculated total

110S 4ETMRIC S2MODF, energy of a GaAs crystal with the square of/
, E~(u)-~Gu~ 2 .&'C.' the displacement which is approximately the

TA(X) mode. The curves ar shown at
several pressures and we see the decrease of

s- the harmonic pan (deshed lines) wit
deresi lattie constant a. Anhamonicit
becomes relatively more important until a
second minimum develops at hite
displacement indicating a poaible firt order

0 5506phase transition. From ef (L
I , I I I

1 2 3 4 5104 (ll)2
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In SO the new feature is the low symmetry of the equilibrium structure, so that determi i
the equilibrium lattice structure is obviously the first theoretical problem. There are three
independent variables describing the structure a, cia. and chain radius r. The positions of the
atoms for zero forces conjugate to each of these variables determines the structure and the
curvature determines, B, C1, and the A (r) phonon frequency. Vanderbilt and Joannopoulo
have shown the calculations can be done, with reasonable agreement with experiment, and
furthermore have proceeded to look for new metastable minima for large displacements
corresponding to three-fold and one-fold coordination of atoms. These large changes an
thought to be very important in the electronic properties of chacogenides and their work is an
extremely important step going far beyond the phonon approximation to look for new stable or
metastable Structures.

It is also important to mention that approximate versions of the direct method have been
used to predict surface reconstructions on a variety of semiconductor surfaces, and denity
functional calculations has been reported for a Si surface" and a Ge-GaAs interface 23 These
involve changes in bonding and are very important application of ideas similar to those in Se for
prediction of entirely new situations.

Finally, at this conference is presented an entirely new use of the direct method to calculate
entire dispersion curvesS*" The idea is to displace one plane of atoms represented by one atom
in a large cell (8 or 12 aoms "supercels) and to use the Heilman-Feynman theorem to calculate
the forces on all the planes of atoms in the vicinity of the displaced plane. It is shown in Ref. 7
that interplanar forces are always short range even in ionic crystals and, provided the cell is large
enough, complete, accurate dispersion curves can be calculated. The set of harmonic forces,
changes in electronic charge density, many different anharmonic terms, effective charges, eM.,
can be considered in a unified manner calculated simultaneously from a small number of self-

consistent calculations. Results are given in Refs. 5 and 28 which show that complete dispersion
curves, eigenvectors, and dielectric properties such as effective charges and dielectric constant,
can all be calculated, providing a very complete description of forces in the crystal.

IV. Perturbation Methods

As was mentioned in the introduction, perturbation methods are very powerful for
calculating linear response functions and harmonic forces. Using perturbation theory on the
perfect crystal, it is much more straightforward than in the direct method to calculate dielectric
functos and harmonic phonons of arbitrary points in the Brillouin Zone; thus this approach
will always be preferable for some problems. A comparison of the two approaches is given in
Ref. 21, where it is shown that ideas from each method can be used to aid calculations in the
other method. In particular the usefulness of the density functional can be transferred to the

perturbation method0 ." and the perturbation theory can be used to increase the rapidity of
convrgence in the self-consistent cycles required in the direct calculatiom.2

The am complete perturbation calculatios9-10 1 have been for Si, as was the case with
the direct method. The only complete dispersion curves have been published by Bertoni, et a' 7

4 - '_ _ _ _ __"- _" - - -
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and by Van Camp, Van Doren, and Devreese with more recent results presented at this
conferenceY.1 The current results do not agree with experiment as well the results of direct
calculations"4 because they have not been done with accurate pseudopotentials. However, the
method has the capability to give very complete information on the harmonic lattice dynamics.
Let us note also the calculation by Muramatsu and Hankeu (using different methods for
exchange and correlations) who apply the dielectric function method to look for phonon
softening and instability to reconstruction on the Si (111) surface.

One of the powers at the perturbation method is the ability to consider long range forces
and take the q -+ o limits' 4 much more easily than in the direct method7. If the dieletric
function matrix e is known, the transverse effective charge e, for ion i is given by' 4

e't= lim(q-'0) X qe'(q,q+G) (q+G)Vi(q+G), (2)

where V is the same bare ionic potential potential that determines the electronic states of the
undistorted crystal. This has been calculated for many ionic semiconductors in papers at this
conference by Resta and Baldereschi n and by Olego, Vogl, and Cardona,13 who consider
volume dependence of the charge. The trends among several crystals can be seen in the results
of Ref. 11. however, there are inconsistencies in the use of Vi and e-1 that affect the values of e,

V. Sunmmary

In conclusion, recent calculations"' of energies and forces using electronic Hamiltonians,
have brought our understanding of structural properties to a new stage in which the equilibrium
structure and lattice dynamics.can be treated in a unified manner. Because of the computational
simplicity of the density functional method,2 the very difficult problem of electronic exchange
and correlation can be handled accurately enough to calculate equilibrium lattice constants and
atomic positions, harmonic and anharmonic force constants, ground state electronic properties,
such as effective charges, etc. The computational technique which has made this possible is the
"direct" method and the greatest advantage of this approach is the ability to deal with many
different situations- perturbative and non-perturbative-on the same basis. Extensive results
on Si,24 Ge,3-S GeAs,'7 and Ses have firmly established the power of this method. The
development of perturbation methods 9 4 17.1 is also very useful and can potentially provide a
more detailed description of the harmonic pars of the restoring forces. Together these two
calculational methods hold the promise of providing very complete structural information on
many systems including semiconductor crystals. surfaces, and intefaces

This work was supported in part by Department of the Navy contract N00014-79-c-0704 issued
by the Offie of Naval Resear& The United States Government has a royalty-free license
throught the world in all copynghtable material contained hereia.
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FIRST PRINCIPLES CALCULATION OF THE PHONON SPECTRA OF SOLIDS*

P.E. Van Camp, V.E. Van Doren and J.T. Devreese**

University of Antwe*rpen, Belgium.

Abstract.- In this article, a first principles microscopic calcu-
lation of Si is presented and compared with results of other
methods.

In the last few years several groups have achieved first principles

microscopic calculations of phonon frequencies of semiconductors. Two

different approaches have been used. The first results published
I were

obtained by calculating the total ground state energy of the crystal as

a function of the lattice parameter. In this method the unit cell of

the crystal has to be adapted to satisfy the symmetry requirements

imposed by the lattice displacements of a particular phonon mode. This

* implies that such a method is in practice restricted to phonon fre-

quencies of high symmetry points (r,X,L). Recently, refinements of

this method have lead to calculations of the phase transformations of

covalent semiconductors and of a few phonon frequencies of Si.

In the second approach, the electronic contribution to the

dynamical matrix is treated by means of the dielectric screening theory!

which describes the linear response of the electronic'system to the

displacements of the ions. This formalism has been known for a long

time 2 . The advantage of the dielectric screening method over the

above mentioned total energy difference approach is that it is not

restricted to high symmetry points but can be used to calculate the

complete phonon dispersion curves.

In this dielectric screening method, the essential quantity is

the polarisability matrix j. The present authors have calculated the

Rartree expression of the dielectric matrix by expanding X in terms of

moments. This procedure incorporates the effect of all conduction

bands, which is impossible to achieve in a direct summation over the

bands. The results for Si where the zeroth moment is evaluated expli-

citly and the ratio of the first to the zeroth moment is a calculated

constant are given in fig. I. Details of this calculation can be

found elsewhere3 . It was found that in order to obtain realistic

phonon curves it is crucial to achieve consistency between the

*Work supported in part by a CDC-grant.

**Also at ?.3. Rindhoven, The Netherlands.
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Fig. 1.

electron-ion potential and the crystal potential used to calculate

the electron wave functions.

Recently, the present authors have investigated the exchange-

correlation contribution to the phonon frequencies. The same exchange-

correlatioA effects (p 1/3 approximation) are Included in both the
Hamiltonian and in the dielectric matrix (sea eq. (1) in ref. 4). The

summations over the conduction bands have been performed explicitly.

Purthermore, the lattice constant is not taken froe experiment but is

calculated from minimising the total energy of the crystal - as it

should be done in order to have a system without stress - the follow-

Iag results are obtained In 102 an

a r TO(X) LOA(X) TA(X)

5.37 16.74 17.28 14.36 4.38

In conclusion, the dielectric screening approach shows that

realistic phones frequencies for all vaveveoters are obtained from a

first principles ealculatiog.

j+
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VIBRATIONAL FREQUENCIES VIA FROZEN PHONONS

B.N. Harmon*( ) , W.Weber and D.R. Hamann "

Kernforeohwngeaent um Karlsruhe, Inatitut ffib Angewandte Kernphysik I,
D-7500 KarLlsruhe, F.R.G.

BeZl Labo atories, Murray Hill, NJ 07974, U.S.A.

Abstract.- We have used a first principles linear combination of atomic
orbitals (LCAO) method to calculate the total ground state energy for
crystals of Si, Nb and Mo involving lattice distortions. From these cal-
culations the equilibriua lattice constant, cohesive energy, and bulk
modulus as well as the vibrational frequencies for selected phonons were
determined.

1. Introduction.- Band theoretical methods are finding increased use in the

study of electronic response to lattice distortion (caused by compression,

stress, phonons, etc.). These techniques provide a tool for accurately calcu-

lating from first principles the frequency and charge density response for

phonons at selected wavevectors. These techniques have already been applied to

Si with considerable success using the pseudopotential 1,2 and LCAO 3 methods.

Rare we briefly present our LCAO method and our results for Si and then discuss

the application of the method to metals giving preliminary results for Nb and
NO.

2. Method.- We have used the local density approximation for exchange and cor-

relation 4 combined with a first principles tight binding method, the details of

which heve been described elsewhere. 3 ' 5 ' 6 The method employs an atomic

basis composed of Gaussian functions which allow easy analytic evaluation of all

three center Integrals. The potential is expanded in a second Gaussian basis

set m d is general (i.e., no muffin-tin approximation is made). The calcula-

tions are iterated until the total energy is stable to seven significant digits.

Absolute errors, for example those associated with the approximate trqatment of

exchange and correlation, are of course larger, but they are expected to cancel

since w consider only "rgy differences.

3. Application to Si.- Si was used as a test case to first avoid complications

ceased by a Feral surface. Using the frozen core approximation the total mrgy

w evaluated at eight values of the lattice constant and least squares fit with

--perated for the U.S. Department of Energy by Iowa State University under contract
no. -7405-E2ag-82. This work was supported by the Office of basic Enerly Sciences.

(') Also Amma Laboratory and Department of Physics, lova State University, Ames, Iowa
50011, U.S.A
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a fourth order polynomial. The corresponding equilibrium lattice constant, bulk

modulus and cohesive energy are listed in Table 1. The total energy was also

calculated as a function of displacement for lattice distortions corresponding

to particular normal vibrational modes.* These yield essentially classical

potential veils whose curvature gives the phonon force constant or frequency.

The frequencies for the transverse optic phonon at r [T( ) and the transverse

accoustic phonon at X [TA(X)1 are also listed in Table 1. There is good agree-

ment with experiment, and the detailed analysis of the contributions to the

total energy agree with previous studies. 1 ' 2 The charge density for the TO(r)
phonon is shown in Figure 1.

for he lttie ditor

Fi. The charge density in the 3

tion corresponding to the TO(r)
phonon with a displacement of
-0.1371 along the (1)drcin
(atomic units x 0 )

4. Application To Metals.- ?or metals small distortions of the lattice cause

changes in the band occupation near the Fermi level which must be accounted for

in calculating changes in total energy. indeed such effects frequently give

rise to phonon anomalies In transition metals. 7 One approach for metals is to

simply keep increasing the number of t points sampled until convergence is

reached, however, this is costly and not necessary. *our approach has been to I
divide the Irreducible Brillouln zone Into a amiber of large tetrahedrons (32

for the R point phonon In Nb and Mo) and take the center of mass t vectors as a

ample grd. At each Iteration a tight 'binding (TS) fit (see Ref. 7) Is made to

the sigenvalues on this grid and is used to determine an accurate Fermi energy

and surface. The occupied volume as determined by the TB fit using 64 smaller

tetrahedrons Inside "Ia large one Is used to weight the t points. Calculations

using a mized basis poeudopotential technique for phomow. ion b and Nb also

confirm the importance of carefully weighting the t~ points .$

The equilibrium lattice constant, bulk modulus and esbslv emay are

listed In the table ad again indicate the uetbod As fumctlaetag weU, for the
evaluation of bulk Popsrth.~ To date we bw eV tested the mestbad far the

U-point plaic d'f~ Nb lt wit t z tet 1Use in the tablb. This pheom

In lb ts particularly anomalou as a tosul% CUP ats" festuss ina the Feooi

ISurfaCO. 7 The occureto 4106UM Of *AMPS $4 the lanmart=*n as provided bF
the 13 fit wa required before the tbeeratis %xqsey wasereuwedi fx 04V
to 5.7 Tfs. thM frequesey wsdeterained by fitting Cma error -6 t y/ates)

______



C6-630 JOURNAL DE PHYSIQUE

a parabola to the energy calculated for displacement* of 0.0641L, 0.078L, and

0.0921. whaich are comparable to the displacment caused by the real phonon.

Very small displacements lad to numrical problems because of the linear Inter-

polation used inside the small tetrahedrons, and such larger displacnt@

caused previously unoccupied portions of bends to dip below the Fermi level,

giving rise to anharmonic or non-parabolic behavior In the total energy vs dis-

placement curve.

5.* Conclusion. - Ouar encouraging results suggest that modern band theory tech-

niques are capable of becoming a useful tool in studying the details of ele-

tronic response to certain high scymetry lattice distortions.

6. Acknowledment.- One of the authors (B.N.H.) would like to thank the staff of

the Inst itut fur Aagwndte Kernphysik 1, Kernforschungazentrum, Karlsruhe, for

their kind hospitality during his stay.

Table 1. Calculated and experimental properties

aI
Lattice 31l Cohesive Phonon
Constant Modulus Energy Frequency
(a. U.) (Mbar) (eVlatom) (Taxn)

Si calc. 10.40 0.89 4.92 4.9 15.0
axp. 10.26 0.99 4.84 TAMX, Tomr

4.5 15.4.

Nb caic. 6.32 1.62 6.63 6.6* R point
exp. 6.23 1.74 7.57 6.4

Colc. 5.99 2.57 6.26 5.7 3 point
exp. 5.95 2.63 6.82 5.5

*This Is a preliminary value based on a fewver aumber of small tetrahedrons and
both large and zero displacements so that it Is Is" precise than the value for
Mo (a.. tast).
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LIGHT SCATTERING FROM PHONONS IN GaAs-AlAs SUPERLATTICES

C. Covard* ( ) ,  erlin, . V. Klein*(1) '(2) and A.C. Gossard e

* Materials Research Laboratory, University of Illinois at Urbana-Chwpaign,

Urbana, Illinois 61801, U.S.A.

*Bell Laboratories, Mirray Hill, New Jersey 07974, U.S.A.

Abstract. Raman scattering data have been taken on several GaAs-AlAs super-
lattices with d<40 1. Folded LA and TA modes are both seen whose frequencies
are well fit by an elastic model involving the bulk sound velocities of
Go and Als. A number of peaks appear near the bulk LO and TO frequencies.
Selection rules and a partial examination of resonance behavior are presented.

In a semiconductor superlattice composed of alternating layers of GaAs and

AlAs one expects the increased lattice period d along the [001] growth direction

to fold the Brillouin zone and produce new zone-center modes derived from bulk

wavevectors qz-2wn/d, where n is an Integer. Raman scattering spectra, which probe

q1.O, clearly show the presence of these modes in the acoustic region *lOOcm - . The

optical region around the bulk LO and TO phonons, however, is more difficult to

probe because the smaller dispersion of these branches causes many peaks in the

spectra to overlap. In addition, light scattering from phonons with A11001] may

in some cases become allowed. We have used the resonant enhancement of the light

scattering when the laser energy nears the band gap to try to separate these peaks.

The samples are single crystal superlattices 1v4 microns thick grown by mole-

cular beam epitaxy on GaAs substrates. We have looked at three samples, designated

A-(4.81, 4.03), B-(7.3,4.4), and C=(9.4,3.85). Here (L,m) means t monolayers of

GaAs and m nonolayers of AlAs per period, where one monolayer is ^-2.83 A. Light

scattering is done in backscattering geometry from the (001) surface.

Several folded acoustic modes have been seen in addition to those reported

in Ref. 1. They are identified by their selection rules and their proximity to

frequencies calculated by the elastic model described in that paper. The transverse

modes have symmetry and appear In both the (x,x) and (xzy) spectra. Here (xy)

domotes Incident light polaried along 11001, scattered along 1010). Such K modes

become partially allowed when the laser is incident at the Brewster angle, giving

am angle In the sample of vl5* to the normal. We a then in sample A at 43 and

47 cm- 1 and in sample D at 35 and 38 ni- 1 , correspondins to the first sone-ceter

gap q-%2w/d. The longitudinal ades, wi hh should have A,1 and 32 symmtry, appear

only In (sm). The appearance ,at 2 in ( ,) sad not 14 (a y), even apparently out

of Veemale, is pastling sIWA-the Sam toor for the D2d point ro impl es

that 12 aily should %*-*om I I7e ( , mm se pde appeaxrin matmLe A at 63.1 end
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66.9 cm4 , in B at 52 and 57 cm , and in C at 39 and 45 cm , corresponding to

q-2w/d, and in sample C at 80 and 85 cm- 1 corresponding to the next higher zone-

center gap q-4w/d. In addition, when the laser is tuned near the gap energy, the

(x,x) spectrum shows peaks in sample A at 30 and 36 cm- I which apparently correspond

to scattering from the zone edge q-w/d gap. Possible reasons for their appearance

are I) a doubled periodicity folding this gap to the zone center, resulting for

example from an odd number L4m of monolayers in one compositional period, or ii)

momentum conservation relaxation due to the presence of disorder. A broad struc-

ture (30 cm" 1 wide) that may be due to higher gaps is also seen near 100 cm- 1 in

both samples A and B.

An example typical of the structure in the optical region is shown in Fig.l,

taken near resonance in sample B at 180 K.

Brester angle backscattering gives q in

the x-z plane inclined ^7* to [001]. Five 5 i

peaks are clearly visible, none corres- c-

ponding exactly to the bulk GaAs values of 4-,-

270.4 cm for TO and 293.7 cm 1 for LO

at this temperature. The peak labeled 1 ad
W_ 2

is E(TO) and disappears in exact back-

scattering. It corresponds to the unfolded U)

GaAs TO phonon shifted down in frequency by Z 3
the superlattice. Other spectra show a C033
clear shoulder on this peak in (x,y) U )

-1around 255 cm . Peak 2 is similar to that 2S0 270 290 2W0 3 310I
labeled E(LOI) in Ref.2, where It is attri- RAMAN SHIFT (CM - ' )

buted to an Interface-like mode propagating

parallel to the layers. Such a peak may Fig. : Spectrum of sample B at 18OK.
Its Upper curve (x,x), lower is (x,y).

become allowed near resonance. [4J (p,x) shifted upward for clarity.

frequency is rather well described by a

dielectric constant model, [2] but in these

thin-layer samples it is also near pre-I

dictions for the position of the first folded LO mode. [3] More samples need to be

studied to see if the frequency is dependent upon total pertod, as for folding, or

only dependent upon the ratio of layer thicknesses as our model predicts for 3(O).

The thimess of the superlattice and sample absorption of the laser make angle-

dependent studies of this mode difficult. It appears at 276,280, and 283 om-i at

room tesperatur& in samples A, 3, and C respectively.

Peak 4 and 5 were originally interpreted in sample A as the allowed and for-

bidden scatterift from a single B2 (LO1 ) unfolded mode. 121 Their splitting is ami

well ftabltahd. At 300K peak 5 oe ru at 287, 28M,, and 290.5 m7 1 in samples

A, 3, and C, and peak 4 is -sum a% 24.3 and 287.S vm lto samples A amd., res-

pectively. A poesible emplemation of peaks 2 tbwough 5 I that they show the folding
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of the GaAs-like LO branch, in which case the symmetry assignments would be B2 for

peaks 3 and 5 and A1 for peaks 2 and 4. However, a linear chain model for a (4,4)

superlattice by Barker et. al [3 suggests that the highest folded mode should lie

closer to peak 2 in sample A, as mentioned above. If q-dependence is involved as

in Frghlich type forbidden scattering, B2 modes may appear in the (x,x) spectrum.

It is not clear why no forbidden scattering is seen at resonance for peak 5 in (x,x)

or why it might be shifted to the position of peak 4.

The resonance behavior of these peaks is demonstrated in Fig. 2. The spectra

were taken on sample B with 1.833 eV laser light by changing the gap with temperature

between lOOK and 300K. The photolumin-

esence peak was measured by exciting well

above the gap. The energy of the room

temperature peak is 1.805 eV. The curve

labeled A is the folded acoVistic

4 ~ mode at 50 cm-
1 . Both peaks I and 3

A . ' show little change with laser energy.
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SELF-ENERGY OF PHONONS INTERACTING WITH FREE CARRIERS IN SILICON

L. Pintchovius, J.A. Verg6i and M. Cardona*

Kernforechungszentrum Kartaruhe, F.R.G.

*M-Planck-Inatitut fr Featkdrperforochung, 7000 Stuttgart, F.R.G.

Abstract.- The dispersion in the self energy of acoustic phonons
produced by free electrons and holes in silicon has been measu-
red with neutron scattering. The corresponding electron-phonon
interaction mechanisms are discussed.

Introduction. - Doping, either n- or p-type, is known to change the fre-

quencies of acoustic phonons in silicon1 . This change is the real part

of the self energy of the phonons produced by the free carriers via

electron phonon interaction. Similar effects have been observed for the

Raman phonons 2. Recent measurements in p-type Ge have shown that those

self energies can depend strongly on phonon momentum q.3 Since conven-
tional ultrasonic and light scattering techniques are not suitable for

a detailed study of this q-dependence we have untertaken such study by

means of inelastic neutron scattering. The acoustic branches of n-(n=

5x10 19cm- 3 ) and p-type (pf1.7xlo20cm- 3 ) Si were measured with respect
to intrinsic Si throughout the (100) and (111) directions of the Bril-

louin zone. The results yield information about hydrostatic and uniaxi-
al deformation potentials for electrons and holes and the g-type inter-

valley coupling of electrons.

Results and discussion. - The normalized self energy (Aw/w) of the TA

phonons of n-Si along (111) at 300K is shown in Fig. 1. The data for

q-o were obtained by ultrasonic methods and agree with those in (1).

The self-energies are found to be, using second order perturbation

theory:

A- .. 2 Xe(q)q 2  (1)
W C1 1 -C 1 2 +C4 4

where E2 8.7eV(4) is the shear deformation potential of the electron

valleys, Cij are the stiffness constants and Xe(q) the Lindhard suscep-

tibility of a single electron valley (c-cL+2 4wXea) at T-300K (obtained

numerically). The solid nurve, calculated with Eq. (1), decays faster

than the experiments with increasing q. We believe it is additionally

broadened by the finite mean free path 1-62 R (Aq-2w/-o.o9(2r/a)).
The results for LA phonons along (100) in n-Si are in Fig. 2.

--.--.-
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They show definite structure for qaO.3(2w/a). The solid curve in Fig.2

was obtained with:

= - ) 1-X124x)2 1(q) (3)

W C1 1 £
2  

3 2 ( 1

(E1+  -4 2 (1+24X 1 )
2  x,(q)} +(At )g

where (Aw/w) is the effect of g-coupling between (100) and (TOO) val-

leys, resonant for q=0.28(2 /a), with coupling constant 0.8 eV/R(5),

xll and xi are Lindhard susceptibilities parallel and perpendicular to

the valley axis, andS I is the "absolute" hydrostatic deformation po-

tential of the electrons at A1 (we take&1= - 7eV(6)). The structure at
q =0.3(2r/a) is mostly produced by LI with a small contribution of

(AC/CA)g* The El effect is completely screened by the free carriers for

q=o but becomes unscreened for finite q thus giving the bump observed

at qt 0.3(2w/a).

Fig. 3 discusses TA-phonons along (100) in n-Si. The effect at

q=o is due to coupling of the At with the A2, states along (010) and

(001) (deformation potential E (7)). The calculated curve explains

the q=o effect but fails to account for the observations for qjo.

Figure 4 describes TA(111) phonons in p-Si. The effect is main-

ly produced by heavy holes along {110} directionr. The solid curve was

calculated in this manner with the deformation potentials b=-2.2eV and 1
d=-4.9eV (4). For q=o it agrees with Ref. 8 about it falls short of

the measured values for qo. The additional mean free path q-broade-
ning Aq=2w/k = 0.09(2w/a) suffices to explain the difference.

Figure 5 shows Aw/w for LA(100) phonons in p-Si. In this case the

screened effect of the hydrostatic deformation potential av=Cl-a=-8.SeV

(a= hydrostatic deformation potential of indirect gap) produces the
maximum at q-0.2(2r/a). The calculated curve describes qualitatively

this observed effept.
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NEUTRON, X-RAY AND LATTICE DYNAMICAL STUDIES OF Sb2 S3

K.R. Rao , V.M. Padmanabhaxl', P.R. VijayaraghavadF*and S.L. Chaploe~*

"Bhabha Atomic Research Centre, frombay, Bombay 400 085, India

Nuclear Physics Divisionl

*Neutron Physics Division

Abstract.- 'Elastic' neutron and x-ray diffraction
patterns from crystals of Sb2 S3 (mineral stibnite)
show that the crystals, while ordered along (010
(the chain axis), are disordered about (olo S
Extensive diffuse intensity perpendicular to (1
direction is observed. Inelastic scattering studies
using 1.4X neutrons did not lead to any soft TA

modes with !jin the (OkO) plane and polarised along
<010. A few longitudinal phonons along <010> are
seem. Results from lattice dynamical calculations
based on a rigid ion model (with covalent bonding
included) are discussed in the context of these
observations.

1. Structure.- Sb2 S3is an interesting photo-conductive ferro-
electric semiconductor which crystallises at room temperature in
orthorhoubic form with epacegroup DIE conitning four molecules
per unit cell.The crystallographic stracture shown in rig.l con-
sists of ribbons or cha ins of ( Sb 4St) In the b-direction.
(a -11.3107 X,b - 3.8363 X,c -11.22 5 1).

2. Experimental - We studied a
large natural c7rystal of mineral
stibnite at room temperature
(paraelectric) by neutron and z-4- I-~ray scattering techniques to
understand the dynamical propsr-
ties of the system. 115.2 Is dotr
from 'elastic' neutron diffrac-

t-C tion experiments In the (hol)/
(Oki) plane (we were unable to
distinguish between the a and e

Maxes due to the extensive die-

Fig to the plant). This figure

va Ist #,;s.cfo* of by others.
The diffracIo a Jttern around

F.1Crystal structure of (040) given In Fig.3clay
Sb2 S3 *shovs that the diffraction inten-

sity appears elongated perpendi-
cular to the b-axis. Such intensity patterns are expected of
quasi-one-dimensional lattices.
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(Okl) plans. around (040).

I1TFi$.4 shows the rotation and s.issenberg x-ray patterns fran
fibre s from the same specimen corroborating neutron results
namely, that one observes disorder about (010> axis shoing
extended diffuse streaks; additional diffuse lines are also
observed.

I, .. :. I 1 . . . ..

... . ... .. , . ,, , .

/ ..

r.4lotation x-ray photograph Vig. 5 Veissunbsrg photograph
of Sb2 S3. Rotation about b-axis of zero layew of b-axis.

Inelastic neutron scattering experiments permitted us to
measure only a longitude branch along <010> direetion. Experi-
ments to look for TA nodes alomg (100> / (O00, direction with
polanrisation lns (010> vore unsuccessful du~#qo presence of
extensive difuse seattering and poor resolution Of the experi-
ental set-u,. llg.6 shows she neutron groups oeciated ith the

i longitudinal (010) modes.
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3. Lattice Dynamical Results - We have carried out lattice dyna-
mical calculations based on a rigid ion model with charges and
radii of Ions as parameters of the model. Covalent bonding bet-

ween Sb-S p ire (limited to a dist-
ance of 2.6A) are included. Results

0 of calculations along three high
symmetry directions are given in Fig.7.

- A The parameters of the model were
chosen so as to provide reasonable
cohesive energy and lattice frequen-
cies which cover the infrared and
Raman spectral ranges.We observe that
there is an extremely soft TA-TO
branch in the (100) direction; a
similar branch nay also be noted
along <001) direction. These branches
could give rise to diffuse scattering
in neutron and x-ray diffraction
patterns. Since these modes are of

Fig.6 Longitudinal let- very low frequency (<0.5 THs), it is
tice modes as observed difficult to observe these phonons
by inelastic neutron because of poor resolution. The dis-
scattering experiments, placement of atoms at q - 0 for TO

mode represents out-of-phase motions
of the two chains (each of Sb 4 S6 configuration) in the unit cell
against each other. Note this can represent interlayer modes if
the crystal is thought of as layer-like system.

PHONON DISPERSION CURVES IN SbS3

X4 13 '2 A 3  A2  A, A4  A3 A2

otG

0 rb ! , 0W i r'
PHONON WAMEvECTOR

Fig. 7 Calculated phonon dispersion relation in Sb 2 S3 .
Details of the experimental observations, dynamical interpre-

tation of calculated results, comparison with data in SbS! etc.
are to published elsewhere.

I IIL ° ...
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VIBRATIONAL PROPERTIES OF VACANCIES IN HOMOPOLAR SEMICONDUCTORS

K. Suzuki, D. Schmeltzer and A.A. Haradudin

Ma-Plrvwk-Inetitut fir Festkbrperforschng, Heisenbergetraese 1, 7000
Stuttgart 80, F.R.G.

Abstract. Spectral densities of phonons in the immediate vicinity of a vacan-
cy in Si and Ge are calculated in the continued fraction/recursion method.
The results indicate that both in Si and Ge the presence of vacancy gives
rise to a sharp decrease in the C'OS In the optical frequency range and a
rather diffuse increase in the acoustic frequency range.

1. Introduction. - At moderately high concentrations of hydrogen in amorphous Si,

four hydrogen atoms tend to cluster as they saturate qroups of four dangling- bonds

pointing towards a counterpart of the crystalline vacancy. Infrared absorption
1.2

and Raman scattering3 experiments on amorphous and crystalline Si Pr Ge with H, 0,
or F as impurities show'that the frequency of the resonant vibration in the acoustic

range depends only very slightly on impurity species. This suagests that such vibra-

tional modes involve a large number of atoms of the host and leads one to suspect

that the vacancy in whose vicinity the clustering occurs may itself give rise to

resonant modes in the frequency range vwiere they have been observed.

As a step in the direction of elucidating the nature of the resonant modes we

have studied vibrational properties of crystalline Si and Ge containing an isolated

vacancy. Use has been mde of the real space version of the continued fraction/re-

cursion method4, which does not require a periodic arrangement of atoms. The method

has been applied successfully to several types of lattice dynamical defect problems

involving a lowering of symmetry , although not to point defects as far as we are
aware.

The local density p.(,J£) of vibrational modes of polarization a at site I

and frequency w is directly related to the diagonal elment of the Green's function

of the dynamical matrix 06B(,") 6v In the recursion method4 the latter is expressed

in a continued fraction

w2 -a 0- b; b Z_

0. ,(1)

w -a2 ...

where the coefficients (a0, a1 ,.9.) and (bo, b1,...) can be ottained as functions

of L and a algebraically once D,(LL') of the system is given.

.. J i,_, _ _: %



2. Perfect Crystal. - To examine the applicability of the recursion F.ethod we first
calculate the phonon spectrum of Si crystal without vacancy. On the one hand the
phonon spectrum is obtained in the recursion method by considering a finite crystal
containing up to 18 000 atoms, at the surface of which all bonds are terminated. The
dynamical matrix is such that includes only the first and second neighbor forces. 7

This requires six independent force constants, of which five have been chosen to
give a best least-squares fit to the experimental phonon frequencies at r, X, and L

points. The last one, the second neighbor force constant 6, which affects none of
the above phonons, has been either fixed on the basis of the valence force field
model9 (9 = (iA-v-X)/2) or equated to zero. The first 21 coefficients (ao , .. a20)
and (bo .. b2 ) in Eq. (1) were directly calculated and the reaining part of the
continued fraction was replaced by an asymptotic form

T 0 -a,- [(w2 -a.)2  4b:]2/ I/(2b') (2)

where a, and b. are chosen either from an extrapolation of the calculated coeffi-
cients or from the requirement that the obtained phonon spectrum extends from zero
to the experimental highest frequency (namely that of the optical phonons at r). The
phonon LDOS p,,(X,X;w) calculated from Eq. (1) is independent of a and R. (provided
I is close to the center of cluster) and is represented by the upper curve in Fig. 1.

fDOS FOR PHONONS IN St On the other hand the phonon spectrum

• ".5"6206x10 4 dy'/cm is calculated for an infinite lattice us-
z7.7417' ).p-3.71 ing the same force constants in the usualX---0.7221

-J -03821 k-space sampling method. With about

8.Q3174 80 000 sample points in 1/48 of the Bril-
REOJRSION MIEH loutn zone we obtain a phonon DOS which is

I- NA c2 shown by the lower curve in Fig. 1.
(With only up to second neighbor for-

S0.2 K-SPACE SAMPLING ces neither of the DOS reproduces the3300 
PONTS 

IN 
'A 8BZ

S330.sharp peak in the acoustic region which
....._"__ -'"___.,__..... would be present if the substantial flat-0 

10l 15

FREQUENaCY I TH) tolng of acoustic phonons in the vicinity
Fi.1. Lattice vibration spectrum of of BZ edge were properly taken into ac-

S ng first and second meighbor count.1 0 Except ftr 'this, both of the
forC.W in the recwtron an in the
k-space saipliq inethod,- The f o . curvis fperodute the general features of
constants are those defined by Her- the linou phonon spptrm fairly wll. The

two curves are very Isilm-ar. -the only dif-
ference being that the recursion method generally smothes sharply edgld Vow Hove
singularittes cheracteristi'd of iffirI trysI.s. 1 1

. - " -
... ., T .... .... 

.
..-----

,I
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3. Vacancy. - To model a vacancy in the simplest way we remove the central Si atom

at Uo and equate to zero all forces connected to this atom. In contrast to the

preceding case, the LDOS does depend on the lattice site Land we evaluate it at

one of the four nearest neighbors of the vacancy. The recursion calculation pro-

ceeds in a similar way as before using the same set of force constants, except

that we equate 6=o, which is required if the translational invariance condition6 is

to be satisfied witho..t introducing new force constants. No relaxation of atomic

position is assumed. The spectral density for the perfect crystal (6-o), that of the

vacancy and their difference are shown in Fig. 2.

4. Discussion. - In Fig. 2 we see a diffuse in-
DOS FOR PHONONS IN SI crease of DOS in the lower acoustic frequency
RECURSON METHOD region and a decrease in the optical region.

This is expected if we consider the presence-.5.6206.1 04 dynlcm

P-3.7417 j of a vacancy as a partial softening of theX.-0.7221 (a) PERFECT0.2 -O.0.3821 CRYST force acting on its neighbors. The introductior

"0~..3821 CRYSTALv02 v04695 of H or F, on the other hand, corresponds to a
0.1 hardening (decreased ionic mass) and gives rise

02- to a rather sharp resonant mode at the upper
02 (b VACNCYR edge of the acoustic spectrum, as has been ob-

0.1 served. A further discussion on the change of

110 DOS for various point defects can be made on
0the basis of the function (1) for the perfect

(b)0.I crystal. Essentially smlreutsareob

W-0.2  tained for a vacancy in Ge.

0... .. 5. Acknowledgement. - We are indebted to

0 5 10 15 M. Cardona, H. Bilz, and W. Kress for discus-
FREQUENCY ITNj sions and to H.J. Stlrke for advice on numeri-

Fig. 2. Vibration spectrum of the
sile acancy in Si calculated in cal work.
the reoursion method.
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SECOND ORDER RAMAN SCATTERING IN CRYSTALLINE SULPHUR SELENIUM AND

TELLUR IUN

* a
P.J. Carroll and J.S. Lannin

De partmient of Physeics, The Pennsylvania State Uiniversity, University Park,
P smylvaia 16808, U.S.A.

Abstract.- 2he second order Raman spectrum of orthorhcmbic(o-) S is reported
and -- m--red with the spectrum of sonoclinic(n-) So. The spectra of these
ring systems ezhibit very similar structure. Three regions of scattering
are observed, two of which suggest a predominance of overtone scattering.
fbe featweus of the other region arise from combination processes. A com-
parison between the high frequency bands of trigonal(t-) Tm, t-Be, s-Se and
o-S8 is also presented. Differences in these spectra are qualitatively
explained In term of the molecular unit of the crystal (ring or chain) and
changes in inter-unit and intra-unit coupling.

The crystalline forms of S and onoclinic(a-) So are composed of the same

basic molecular unit, an 8-membered-puckered ring. Trigonal(t-) ge and t-T are

also composed of similar units, parallel helical chains, which are bonded together

in a hexagonal lattice. Large inter-unit to intra-unit distance ratios in those

solids Imply that the dominant bonding is within the unit. ever, interchain

bonding is more significant than the van der Waals coupling exhibited between

rings and is stronger in t-Te than in t-Se.

The role of this inter-unit bonding as well as the influence of the molecular

unit in the group V1 element. of 8, Be and To are studied here through second

order Raman soattering. The second order Raman spectra of crystals provides

valuable Information about the one phoneo density of states under the conditions

of predominant overtt.m 4cattering and matrix element effects which are a smooth

function of frequency. This is observed to be the case in prevows studies of

group IV and V elements. 1 A dominance of overtone scattering is also suggested

in the second order Raman spectra of t-ft and t-Se which have been presented in

earlier papers. 2 '2 In these spectra the positions of msa of the' features are

in good agreement with twice the frequency of features in the phonon density of

states as obtained from theory and neutron scattering.

1he seoned order Saman spectrum of* rthrbombio(o-$ 8 is displayed in Figure

I with, for the purpose of comparison, the spectrum of a-Se, which has been
3stdied in detail previously. the spectra are scaled so that the high frequey

regies are aligned. The dashed lines indicate the tails of the very intense

first order peeks. Ike arros in the o-S spectrum Indicate twice the ffequeny

of tie it- 0 modes at room temperature4 and ame labeled with the vibrational

• Present address Bell Laboratories, Murray Hill, NJ 07974

Ssupported by National Science Foundation Grant BW 7908390

Ai



C6-644 JOURNAL DE PHYSIQUE

mode assignments of an isolated S8

molecule as calculated by Scott et al. 5

Three regions of the second order
x2 scattering can be observed in Figure 1

3

containing similar structure in both

spectra. The region which extends

,AA+K from 255 ca- to 420 cm - l in the o-S
spectrum contains features which are

near twice the frequency of 2 and Z1
first order modes. This suggests that

overtone scattering occurs here fromk•13 phonon branches corresponding to these

lower optic modes. A second region,

between 500 ca "1 and 760 c - 1 , exhibits

features which can only be interpreted

9 , as originating from combination pro-

cesses between high and low frequency

optic modes. Notice that the n-Se

Figure 1. The second order Reman spectrum has very similar structure here
spectra of 0-U and inf. which is not as wall resolved. A high

frequency band consisting of second

order scattering from the higher optic modes is the third region. The main fe-

turo8 at 822 cm 1 , 876 ca and 937 c- are centered very near to twice the

frequency of k - 0 nodes suggesting that these three peaks are due to overtone

scattering. This bnd may consequently be a good indication of the density of

states for the higher optic modes. The narrowness of these peaks indicates that

relatively little dispersion occurs in these phonon branches. The similarity of

the high frequency bands of n-Se and o-8 also suggests a revised mode assignment

for the first order peaks in n-Se end is discussed elsewhere.
6

A caoparison of the second order Reman spectra of the high frequency bands

of t-2%, t-Se, n-Se, and o-8 is shown in Figure 2. A scaling factor of 1.64 is

used to align the 257 ca' peak of the tTe spectrum to the 441 ca - 1 peak of the

t-ge spectrum and a factor of 1.77 was used to scale the most intense peaks of o-

8 amd u-Se. these empirical factors are greater than the square root of the mass

ratios of the respective elements -h indicates a trend of weaker intra-unit

banding in t -T than in t-de and in rn-f than in o-8. Zn addition, the shift to

lower frequencies of the t-Se band with respect to the a-Se bend is attributed to

waker bonding within a t-fe chain than within a rn-Se ring. This demonstrates

that Intra-enit covalent banding increases as inter-unit bonding deareasse in

the" grow V2 elemests.

Delt at&1*and am** hav suggested that a two peeked structure in the

pm density of states is char ateristi of isolated chains. Figure 2 shows that

I-.
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this ay also be true of a system of isolated

rings and therefore of two-fold coordination

in general. The fact that the t-Te spectrum

does not have a double peaked structure deown-

stratus that t-!et should not be view-d as a

syste, of isolated chains with respect to its

vibrational properties, as interchain inter-

.5. IS 3to o actions are important. Although very similar,
t-SO the features in the o-S apectrum are spread

out more than in a-Se so that a high fre-

quency feature that appears as a shoulder

in a-Se* is a peak in a-B. Additional fea-

tures are also observed in the density

of valence electron status of o-8rcompared
'.4 to a-Se as obtained by x-ray photoemission

~~0~ 9Spectra. 2hus both the electronic and vibra-
420 46050

tional densities of status indicate greater

molecular character in c-S an is exqpectud

structurally.

In general, it is observed that signi-1 ~ 740 50 ficant changes accur in the phonon density of

status as obtained from second order Raman

scatturing as a function of atomic weight in

rigure 2. 2he high frequency the group VI elements Thse chanegs can be
second order Usfaa hoe Of t-Te, qualitatively explained in teamm of the mdlo- I

ular unit and the relative strength of inter-
unit a0 nd la-unit forces.
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ULTRASONIC PHONON VELOCITIES IN Cdl-xMnxTe BETWEEN 1.5 AND 96 K

ANOMALIES NEAR THE MAGNETIC TRANSITION

A.Y. Wu and R.J. Sladek

Depwrtent of Physice, Purdue Univeaity, Weat Lafayette, iN 47907, U.S.A.

Abstract.- Transit tims of 30 MHz ultrasonic waves have been measured from
1.5 K to 96 K for Cdj_xnxTe samples with 0.05 5 x 5 0.65. Below 60 K the
velocities for higher concentrations exhibit anomalous features which depend
on x and are stronger for shear modes than for longitudinal modes. The shear
mode anomalies are flattening of the temperature dependence for x - 0.20 and
0.35 at low temperatures and a wide minimum centered around 22 K for samples
with x k 0.55. The location of each minimum indicates that it is connected
with a transition to the spin glass or antiferromagnetic state. The depth of
the minimum is much-greater than the elastic constant depression observed in
transition metal alloy spin glasses (TMASG). This may be due to electrons
(or holes) in large orbits around shallow-level impurities affecting the In
mgnetic moments.

Ultrasonic velocity measurements have proved useful for investigating mag-

netic phase transitions including those to the antiferromagnetic state in various

insulating compounds and to the spin glass state in transition metal alloys.
2

In this paper we present the first ultrasonic velocity measurements on

Cdl-xMnxTe, a so-called smimagnetic-semiconductor which is paramagnetic at all tem-
peratures for x < 0.17, becomes a spin glass below Tsg when 0.17 < x < 0.62 and is

antiferromagnetic at low temperatures when 0.62 < x < 0.71. 3 Our results should

contribute to understanding phase transitions in spin-glass insulators which are due

presumably to the frustration of antiferromagnetic alignment of ionic spins.3-5

We have measured the transit times of 30 MHz longitudinal and shear ultra-

sonic waves propagating normal to the (110) cleavage plane in Cdl-xhnxTe samples

with x - 0.05, 0.20, 0.35, 0.56, 0.57, and 0.65. Laue x-ray photographs, and visual

microscoptc examination after etching at room tempersture, reveal many small tns

with (111) bounding planes in saples with x - 0.20 and 0.35 and many small trills

or hexagnal ings with cubic (111) bominding planes (or hexagonal (0001) bounding

planes because we have seen an apparent hexagonal structure with c/a rattio of 41I) in

samples with x - 0.55 and 0.65. Nowvenwe believe that these structural imperfec-

tions are net the caMe of the elastic moduli anomlies repot herein since

elastic anomalies ware also found In the x - 0.06 ad 0.57 single 0lstal samples

and in the x 0.20 sample whose faster she, move modulu has awalue very close to

those of the fast shear wave modls in the single crystal samles.
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Fig. 1. Cll/C1 1(95.5 K) vs T for single Fig. 2. CSSfCss(25.5 K) vs T for the
crystal samples. Values for ClI(95.5 K) slower shear waves. Values for
are 5.56, and 5.15 x 1011 dyn/cm fo Cs (95.5 K) are 9.03, 8.29, 9.40, 11.03,
x 0.05 and 0.57, respectively. 7.94, and 10.71 x 1010 dyn/cm2 for

x = 0.05, 0.20, 0.35, 0.55, 0.57, and
0.65, respectively.

The elastic stiffness moduli of longitudinal and two shear waves were deduced

from transit tim data using the thermal expansivity of CdTe to correct for sample
density and length changes. For single crystals, Clong = (C11 + C12 + 2C4 0)/2,

Cfs = C44 and Css = (CI1 - C12 )/2, where fs means fast shear and ss slow shear.

From Fig. 1 it can be seen that the normalized C11 longitudinal wave modulus

obtained for single crystal samples has a depression at lowest temperatures for
x a 0.05 and between 20 K and 50 K for x = 0.57, indicating the presence of some

voluitric magneto-elastic coupling.
The stiffness moduli of both the slower and faster traveling shear waves, Css

and Cfs, respectively, have generally similar temperature dependences so we show only
Css data in Fig. 2. The shear moduli exhibit anomalies which include flattening of

the temperature dependence for x - 0.20 and 0.35 and a wide minimum centered around
about 22 K for x z 0.55. Each minimum includes the region where the magnetic suscep-

tibility 3 "6 indicates a magnetic transition. Our minima are much deeper than the

elastic constant depression observed in transition metal alloy spin glasses (THASG).
This may be due to electrons (or holes) localized in large orbits around shallow-

level impurities affecting the alignment of Hm spins7 combined in the x a 0.55 and

0.57 samples with frustration of the antiferromagnetic interaction by the lattice in

semiconducting Cdl.xNnxTe, whereas a free electron RKKY interaction occurs in TIASG.
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For the x = 0.55 sample we also measured the shear wave moduli Cfs and Css

as a function of temperature in the presence of 780 G. A minimum was observed sim-

ilar to that which occurred in zero applied field. This implies that it is not

related to the "zero" field-cooled ac susceptibility,
3 Xac, but rather to the x-1

anomaly observed at 8.5 kG.
6

The gradual change in elastic anomalies with increasing Mn concentration

seems to indicate that the transition from spin glass to antiferromagnetic phase is

a smooth function of x. On the other hand, since we find no indication of a sharp,

inverted X-type elastic anomaly even in our x = 0.65 sample, which presumably has an

antiferromagnetic transition, the broad minimum we observe may indicate that our

samples contain both spin-glass and antiferromagnetic regions instead of consisting

of a single homogeneous phase.
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AB INITIO FORCE CONSTANTS OF GERMANIUM

K. Kuuc and R.M. Martin

CNRS and Universit P. et M. Curie, Tour 13-22, 4 pl. Jusieu, 75230 Paris
oadex 05, France

Xerox Research Center, 3333 Coyote Hill Road, Palo Alto, California 94304,
U.S.A.

Abstract - Using the local density-functional formalism, phonon frequencies can be
predicted ab initio by comparing the energy of the equilibrium configuration with
the one having the atoms displaced in a pattern corresponding to a "frozen"
photon. Here we show that by using less symmetric displacement patterns and by
applying the Hellman-Feynman theorem to the self-consistent electronic charge
densities, one can obtain all force constants determining the entire branches of
phonon spectra corresponding to a selected direction of propagation. Our method is
illustrated on the example of r-x branches of phonon spectra in Ge.

The local density-functional formalism 1l which was recently applied to ab Initlo
evaluation of phonon frequencies in Si [2] and GaAs [3] showed an astounding accuracy in
predicting total energies of semiconductors: Not only the phonon energies (given in the "frozen
phonon" approach as a difference between the energies of two configurations of atoms) but also

Gruneisen parameters were accurately determined. The (unknown) eigenvectors of the TO(X) 1
and TA(X) modes in GaAs were established and their comparison with (extremely varied)
predictions of different phenomenological models made it possible to judge the physical realism
of the latter. The method also proved to be useful for determination of effective charges [31, for
studying anharmonicity, and for predicting [3] a phase transition of GaAs to orthorhoutbic
structure, not yet known experimentally. In this paper we show that it is possible to go still
further by applying the Hellman-Feynman theorem to the same functional of the electronic
density; by proceeding in terms of forces on all the ions we can obtain much more complete
picture of interactions in solid than from the e*es alone - providing that we study less
symmetric displacement patterns than those of isolated phonon eigenmodes.

Let us consider phonon propagating in Ge along the [1001 direction; then at any
k = (k,0,0) the (I0) atomic planei vibrate as rigid unit with respect to each other and
oscillations of the set of (100) planes can be assimilated to vibrations of linear chain. The
interplanar force constants needed for writing down the dynamical matrix of such a chain can be
obtained in geometry shown in Fig. 1: The elementary unit cell of Ge was quadrupled akg the

[100] direction and one of the atoms was displaced from the equilibrium position by u = -0.01 a
in the &detion [0111. With this periodic supercli and umg the Berkeley ionic pseudoputeasial

[4 the self-consistent charge densities were evaluated in very much te same way as e4. in Rat 5.

-> '..-~ -
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Fig 1: Description of al phoons

propagating in the [100] direction requires
o .. - self-consistent charge densities determinedon periodic supercells which can be

0 0 (a) constructed by repeating the elementary unit
o - cell along the [100] direction. Presentcalcukt~ons were perormed on this

0 0 0 quadrupled cell containing 8 atoms of basis.
o 0 0 0 0 (a) Displacement pattern allowing to

[100] establish the forces determining the
transverse vibrations.

40 0 0 0 .,4.O (b) Pattern leading to longitudinal force
o I------ -o-o-- - constants.

0 0 o o(b)

40 0 0 0 40

0 0 0 0 0

Applying the Hellman-Feynman theorem we obtained the forces acting on all the neighboring
planes extending up to the fourth neighbors. The 2 x 2 dynamical matrix of the "linear chain" is
easily constructed and by diagonalizing it for different wavevectors k we obtain the transverse
acoustic and optical branches given in Fig. 2 (solid lines). Starting from the longitudinal
configuration of Fig. lb one obtains a different set of force parameters - which determine the
longitudinal branches given in Fig. 2, as welL

Internal consistency of our calculations can be judged from the fact that the two sets
of force parameters, which were provided by two independent and completely different
calculations, give the LO and TO branches converging to the same LTO(p) frequency -
degenerate to within 1.1 %. The energy of this mode agrees with our prediction using the
"frozen phonon" approach (i.e. proceeding via the total energies) to within 0.2 % - which
illustrates the consistency of both methods.

The main reason for an imperfect agreement between the experiment and theory is
in the pseudopotentul of Ge which was shown in [5] to predict the equilibrium lattice constant
of Ge by 8 % too dort; this gives a spurious contribution to all forces. Correcting for this term
we obtain a second set of dispersion curves plotted in Fig. 2 (broken lines). The agreement wgj
experiment is still imperfect - for which four mechanisms can be suspected to be rerpmnible: ii,

merely computatonal problems: sampling (8 special points were used in the trasverse ud 4 in
the logitudinal cem), plane wave expansions (580 waves), self-consistency (to within less dm
2 X 10s Ry.in the components of potenial with small G-vectors and less than 0.1% in -f oder
ones); (2) anharmonicity; (3) method of correcting the inadequacy of pseadopotentia sad (4)
limitd range of force constants considered.

• , ,_ , -_______ii__I _I__I_
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Fig. 2: Phonon dispersion along [100
predicted from forces acting on 8 atoms of
the periodic supercell in the displacement

Ge patterns of Fig. lab (solid line). The LO and
1 0 TO branches - although provided by two

o 0 different and completely independent
-s ------ Z 0.0 calculations converge to the same frequency

-.. at r to within 1.1 %. This limit is consistent
I.. -- - with the energy of the degenerate LTO(I)
- 6 CALCULAT90 mode determined by the alternative "frozen
>- phonon" approach, in the framework of the

- same local charge-density functional and
z. 4 -0 m ",vI"using the same pseudopotential. The ionic

potential used for determination of electronico charge-densities predicts the bonds by 8 %

o o o o too short, therefore we have addedLL 2 .approximate corrections for the contribution
caused by the inadequacy of the potential
(broken lines). Experimental points taken

r 02 OA o8 8 x from Ref. 7 correspond to 80 K.

Presently we can eliminate the anharmonicity because, after repeating the transverse
calculations with displacement u = -0.005 a, we obtained the same force constants to within less
than 1 %. We believe (3) and (4) to be the principal causes of the remaining discrepancies: Our
method of correcting assigned the spurious contribution to only the first neighbor interactions -
which is likely to be a simplification of reality, and which is merely the least artificial among all
possible assumptions. On the other hand, by performing calculations on quadrupled unit celli
(rather than sextupled or octupled) we have limited the range of interactions to 4th neighbors
while Herman [6], on the basis of the neutron data, has shown that inclusion of the 5th
neighbors is essential for the lattice dynamics of Ge. Calculations on larger cells to determine
longer range force constants are in progress.
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VOLUME AND TEMPERATURE DEPENDENCE OF THE TRANSVERSE CHARGE AND THE

IONICITY OF TETRAHEDRAL SEMICONDUCTORS

D. Olego, M. Cardona and P. Vogl*

Ma-PUak-Inetitut f9i Feetkdrperforc chung, Stuttgart, F. R. G.

University of Graz, Austria

Abstract.-The transverse charge e* and thus the ionicity of most
tetrahedral semiconductors (e.g. GaAs) decreases with decreasing
volume. We have measured the volume dependence of e* in 3C-SiC
and found dln e*/dlnV =-0.67, with a sign opposite To the usual
one. These results have been interpreted with pseudopotential
calculations of e* vs. volume. Semiempirical bond orbital models,
(e.g. Harrison), ire not able to explain this anomalous behavior
of e. We also report the temperature dependence of e *gnd inter-
pret it with pseudopotential theory (de*/dT=-9.0(5)x16- K - ).

T

1. Introduction. - The LO-TO splitting of the Raman phonons can be used

to obtain the corresponding Born transverse effective charges 4. Measu-
rements in a diamond anvil cell yield the dependence of eT on volume.
They have been performed for several III-V and II-VI compounds (1,2)and

lead, in all cases, to a decrease in 4 with pressure which corresponds

to a decrease in ionicity. These results have been interpreted with se-

miempirical bond models (3) as well as with "microscopic" pseudopoten-
tial calculations (4). Here we extend this work to 3C-SiC (zincblende).

We found that, contrary to the other materials mentionede in 3C-SiC

increases with increasing pressure. This anomaly can also be accounted

for with pseudopotential theory. We also report the temperature depen-
dence of ei . It can be explained with pseudopotential theory by multi-

plying the form factors by Debye-Waller terms.

2. Results. - Figure 1 displays typical spectra of the TO and LO pho-
nons of 3C-SiC in a way which reveals the increase of the LO-TO split-

ting with pressure (p). The variation of the frequency of these phonons
with p is shown in Fig. 2. The corresponding variation of lattice con-

stant a, calculated with Murnaghan's equation (1) using Bo-322 Gpa and

B'O= 3.43 (average values of Si and diamond), is also given as an abs-

cissa. We find from Fig. 2 the GrUneisen parameters YTO1.5 6 (1),YL 1

1.55(0). The increase in the LO-TO splitting can also be seen in Fig.2.

The "y" corresponding to LO-TO is yLO_TO 1 .52 (5). The charge 4 is
given by: 1 a3 1/2

_ _ -_ _ 2 2Ie T LO 1W 6 =OTO)]
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where Mred is the reduced mass of the unit cell. From the variation of
W LO TOwith volume we evaluate with Eq. 1 the dependence of 4 on
volume using the volume coefficient of the ir dielectric constant
dln ./dln a = 1.8 (the average of Si and diamond). The results are dis-
played in Fig. 3. A linear fit yields:

2.697(4) - 5.45(10) a .(2)
V4 a2

From Eq. (2) we calculate y =-dln e*/dln V=0.67(2).
The charge e can be reTated to the pseudopotential form factors

v(G) of Si and C with the approximate expression (4):

V 2 (3)_v (3) (e*= -4 2i +3C (3)
T v2 2(3VSi(3)+vc 3

We use form factors similar to those of (5) and interpolate them smooth-
ly, so as to obtain the derivatives of v(G) with respect to G. By dif-
ferentiating Eq. (3) with respect to a we obtain the dashed line of
Fig. 3 which represents reasonably well the experiment. The squares in
this figure give the results of a full numerical pseudopotential calcu-
lation (1,4). The circles represent bond orbitals model calculations
(3): They strongly deviate from the experiment.

The reason for the difference in the volume dependence of * bet-
ween 3C-SiC and the other zincblende-semiconductors is to be sought in
the different origin of their ionicity. In SiC the ionicity is related
to the large difference in the radii of Si and C. Consequently part of

the electronic charge of Si lies in the Wigner-Seitz sphere of C. A
decrease in the lattice constant pushes more of this charge into the
WS sphere of C and thus increases the ionicity and e.

For completeness we show in Fig. 4 the experimental points obtai-
ned for e at several temperatures together with a least squares fit:T61
(de*/dT) = - 9.0(5)xl1-6K " . This coefficient is very small due to
a compensation between the thermal expansion and the explicit tempera-
ture effects. The .latter can be calculated with pseudopotential theory
using Debye-Waller factors (6)..We find:

1.28(50)x10-5 K 1  (experiment)
( T 2.3 x i0-5 K. (theory).

We thank W.J. Choyke for supplying us the samples of 3C-SiC.
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EFFECT OF THE PROPAGATION OF ULTRASOUNDS ON MAGNETOACOUSTIC PHENOMENA

IN DEGENERATE SEMICONDUCTORS

Chhi-Chong Wu

Depar'tment of Applied tMtherotics, Xational Chiao Tung University, Hsinchut,
Tam, 300, China

Abstract.- The effect of ultrasounds ]ropagating at an angle 8 relative to
the direction of a dc magnetic field i in degenerate semiconductors such as
n-type InSb has bean studied by using a quantum treatment which is valid at
high frequencies and in strong magnetic fields. The interaction of conduc-
tion electrons with ultrasounds is via deformation-potential and piezoelec-
tric couplings. Results show that the absorption coefficient and change in
sound velocity oscillate with the de magnetic field. However, when the di-
rection of the propagation of ultrasounds is not the same as that of the
field, both absorption coefficient and change in sound velocity will diminish
and become insignificant in the Intermediate-magnetic-field region. These
results are quite different from those of nondegenerate semiconductors.

Several experiments in n-type InSb on the absorption coefficient and change in

sound velocity for ultrasounds propagating parallel to or perpendicular to a dc mag-

netic field have revealed a magnetic-field dependence over a wide range of field

strengths. 1 - 3 In an earlier paper, 4 it has been shown that the absorption coefficient

and change in sound velocity depend on the direction of the propagation of ultra-

sounds relative to the dc magnetic field in nondegenerate semiconductors. When the

ultrasonic wave vector q approaches ninety degrees to the direction of the field,

the absorption coefficient becomes small. In our present study, we investigate the

effect of the propagation of ultrasounds on magnetocoustic phenomena in degenerate

semiconductor@ uang a quantum treatment which is valid at high frequencies and in

strong magnetic fields. The interaction between ultrasounds and conduction electrons

is assumed via the piezoelectric and deformation-potential coupling mechanisms. For

degenerate semiconductors, the distribution function of electrons is represented by

the Ferml-Dirac statistics. The Interesting temperature is very near absolute zero.

Since we are interested In the high-frequency region such that L ' I, >> 4 is

the electron msan free path, the effect of collisions is neglected in our present

case.
The eig functios sand eigenvalues for the nonparabolic band structure can be

eprese as

-hexp(Iky + ikz)# [x - (o/eeho)ky * (o n

( I{ -L(I + (4/Ig)((n + 10alw + 11 2n2*)1), (2)

where me is the effective nmes of electrona at the minimum of the conduction band,
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E is the energy gap between the conduction and valence bands, and w is the cyclo-g c
tron frequency of electrons. Following the same method of quantum treatment as in

4
our previous paper, the linear longitudinal condcutivity can be obtained as

a 12 o (ft - +;4n' 6 tAn' (2k ' se' 2M (3)
zz~qw 4,riwuL[ tni n 4m* & - zh z4 cs n'n'

where n is the electron density, w* is the plasma frequency of the electron, W is
0 p

the frequency of ultrasounds, ftn is the distribution function of electrons, 0 is the

angle between the ultrasonic wave vector q and the magnetic field k, and is given

by r = (1 + 2n/Eg) . (4)

The factor Mnm is defined by

nn nn 2 2 2 n'-n 2 2 2 2 2
Main (n'l/nt)(L 2q ine) n-exp(-gL2 q 2 1sin L 

n (L q sin 8)] for n' < n,(5b)

where L - (Hl/m*m ) is the classical radius of the lowest Landau level and Ln(x) is

the associated Laguerre polynomial.

The relation between the absorption coefficient a,, and the linear longitudinal

conducttvity a is given by

-(4wq/ev2 X2 + (Cwc/4wev )2 im( I - (4o zz/ /i)]-1 (6)

where p is the density of the material, c is the static dielectric constant, v is

the sound velocity, C is the deformation potential, and B is an appropriate piezo-

electric constant. The change in sound velocity is also related to the linear

longitudinal conductivity a as 5

AVs/va - (2w/pev2X 02 + (Cwe/4veV)2]R4 1 - (4Wazz/1we)J - I .  (7)

The relevant values of physical parameters for n-type InSb are n0 - 1019 Cm-3
a*,- 0.039m (m is the free electron mass), Ig 0.434 eV, e - 18,

-2.071 x I esu/l z for q //[1111, - - .8 gm/cm3 v - x 0 5cm/sec, anda

C - 4.5 eV. In Fig. I the absorption coefficient is plotted as a function of the de

magnetic field 3. It can be seen that the absorption coefficent oscillates with the

magnetic field. However, when the angle 8 is different from zero, the absorption

coefficient diminishes to very small values in the intermediate magnetic fields.

Hence the absorption coefficient can be observed only in stronger magnetic fields
when the angle 0 increases. In Fig. 2, it shows that the fhange in sound velocity

oscillates with the magnetic field. When the angle 0 increaseS, the chamge in sound

velocity diminishes to very small values in the intermediate magnetic fields. Con-

sequently, if the direction of propagation of ultrasounds is not the same as that of

the dc magnetic field, the magnetoacoustic effect becomes insignificant in the

intermediate-magntic-field region.

* Partially supported by National Science Council of China in Taiwan.
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EFFECT OF MAGNETIC FIELD ON BALLISTIC HEAT-PULSE SCATTERING IN

n-TYPE GERMANIUM

T. Miyasato , M. Tokumure and F. Akao

The Institute of Scientific and Industrial Research, Osaka University, Suita
565 Osaka, Japan

Abolijot - The scattering of ballistic host-pulse propagating along the
(100) axis of lightly Sb or As doped Go has been studied as a function
of (100) magnetic field and the heater temperatures ranging from 4.6 to
8.6 K for Sb doped Ge (6.6 to 9.3 K for As doped Ge). It is shown that
the transmitted ballistic heat-pulse intensity detected by CdS thin
film bolometer increases with increasing magnetic field up to 60 kG
with sample temperatures ranging from 1.8 to 4.2 K, and the behavior q
depends on the concentration of donor atom even at such a low concen-
tration region. The behavior of the detected ballistic hot-pulse
amplitude is compared with a calculation based on the Suzuki-Xikoshiba
theory, taking into the shrinkage effect of" the donor wave function
and the resulting change of the value of the valley-orbit splitting.

1.Introduction.- The donor atoms of V-group in Ge have shallow donor levels,

and the ground state of which splits into the lowest singlet (A,) and the
higher laying triplet (T2 ). This is called the valley-orbit splitting, and

the aeparstion of which is denoted by 4A, with the values of 0.32 meT for Sb

doped Ge and 4.23 meV for As doped Co. The donor electrons in the ground

state of many-valley semiconductor such as Ge or Si are coupled with the

acoustic phonons through a deformation potential coupling. When the magnetic

field is appliedthe energy level of the ground state undergoes the Zeeman

splitting, and the shrinkage effect of the donor wave function should be con-

sideroed simultaneously. Concequently, the value of 44 and the out-off

function are changed by the magnetic field.

2.experinental Teohniaue and Procedure.- CdS thin film bolometer(1) was used

for the detection of ballistic heat-pulse. The Au-thin film was evaporated

onto one surface of the ample as a heater. The phonon flux emitted from the

Au-heater travels ballistically in the sample and arrives at the CdS film.

The release of the electrons in the trapping centers of CdS by this heat-

pulse phonons gives rise to the variation of the electric resistance. The

observed pulse amplitude, that is measured as a peak resistance change in

CdS boloneter, represents the transmitted phonon power. The experimental

results of the pure 0. showed the change of the signal height of 2-3 %, which

means that the magnetic field effect on the generating and detecting systems

can be neglected in the present experiments.

lftsien mrese Depazrtmet of Physics, University of Lancaster, Lancaster LKI 4YR,

na>nd

; a i a i IA0i-4
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3.Experimental Results.- The experimental results for Sb doped Ge is shown

in Fig.1, and those for As doped Ge are shown in Fig.2 and 3, and summarised

as follows:(i)In Sb doped Ge, the signal echo height increases with the mag-

netic field for all heater temperature Th' , and the ratio of the change in

the signal echo height increases with increasing Th. (ii)In As doped Ge, the

signal echo height decreases at 5 kG and then increases in i.5xiO
14 As/om3

doped sample, but monotonically increases in 0.gxiOi5As/c 3 doped sample.

Namely, there is a concentration dependence in such a low concentration

region.

4.Discussion and Conclusions.- (a)Energy of ground state: When the magnetic

field is applied along the (100) axis of n-type Ge, the equivalence of the

four conduction band minima is kept and the degeneracy of the triplet state

is not removed except for the spin splitting. In this configuratipn, 44 is

changed through the shrinkage of the donor wave function by the magnetic

field, and the magnetic field dependence of 44 for this oonfiguration was

given by Lee et al(2). The cut-off function in the donor electron-phonon

interaction is also changed through this shrinkage. Therefore, the phonon

scattering by donor electrons through process unaccompanied with donor spin

reversal is strongly affected due to the shrinkage effect. (b)Scattering of

heat-pulse in n-type Ge under magnetic fields The phonon relaxation rate in

the ballistic heat-pulse propagation along the (100) axis under (100) mag-

netic field is calculated on the basis of ref.(3) and shown in ref.(4). The

calculated curves are shown in Fig.3 for As doped G., and in Pig.4 for Sb

doped Ge, and summarized as follows. For Sb doped Get the calculated results

by this theory (denoted by B) show opposite sence to the experimental results,

and for As doped Ge, the calculated curve shows smaller change compared with

5 . ' - -I X I the experimental results.
sO, 0O4 1--O -'1nm TY -8 (c)Scattering by the homopolar-

- K.8 K .- .--A-- pairs The phonon scattering by1.20 T .6.4 X
.... .. ..... homopolar pair(5,6,7) was oalou-

.0Th.6 I lated using approprate parameters
1.10 for Sb doped Ge, and shown in

Pig.4 by A. As seen from these
1.00 curves, it is necessary to take

into consideration the scattering

0.90. a of phonons by homopolar-pair even

0 10 20 50 40 50 kG in such &,ery low concentration
Maaetio lie,. region in addition to the scatter-

Fig. i s Magnetic field dependena. of
transmitted heat-pulse(T mode) amplitude ing by the neutral shallow dftore.
in Sb(n-O.4x1 5/om 3 ) doped Ge. Sample Aoknowledgementes We would like
temperature To-1.8 K, heater temperature
T's are 4.6, 6.4 and 6.8 1. to expess ofar d"V thanks to

Dr. Katsuo Susuki for his helpful

_ I__ __ ____ __ __ __ __ ___ __ __ __ __ __ _ __ "_ [
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LOCAL-FIELD EFFECTS AND ZONE-CENTER PHONONS IN POLAR AND COVALENT

CUBIC SEMICONDUCTORS

R. Resta and A. Baldereschi

Institut de Physique Appliquge, EPFL, 1015 Lausacne, Suitzertand

Abstract.- Microscopic lattice-dynamics calculations based on first-principle
dielect-ric matrices are presented for Si, Ge, GaAs, and ZnSe. Phonon fre-
quencies are calculated in the limit of long wavelength and compare well
with experimental data. Local-field effects are essential to explain the
trends with increasing tonicity in the Ge isoelectronic series. The elec-
tronic polarization density associated to zone-center phonons is analyzed
in real space.

1. Introduction.- Recent first-principle investigations of the lattice dynamics of

solids are based either on the self-consistent scheme1 or on the linear-response

approach2 . Advantages and shortcomings of both techniques are presently being
S"',ed.

The microscopic linear-response scheme is based on the inverse dielectric ma-

trix (IIM) of a solid and amounts to evaluate the electronic response to the

lattice distortion of a frozen-in phonon. The few first-principle calculations

avai lble to date3 refer to Si only and give conflicting results on the accuracy

attainable.

Here we present a first-priAciple linear-response study of zone-center phonons

in both covalent (Si and Gie) and polar (GaAs and ZnSe) cubic semiconductors. Be-

sides phoron frequencies, we also compute in r space the electronic polarization

associated to phonon.modes. This quantity, up to now available for Si only 4 , is

essemtial for a better understanding of the electronic contribution to interatomic

force constants and for developing more realistic models in lattice dynamics.

2. Phonon frequewces at trillouip-zone center.- We have calculated phonon frequen-

cies at q .0 uqsin the linear-response schem based on the Appelbaum-Hamann ionic

psedopotentials and recently calculated lOM's of order 1136. The latter have

been extended by adding the Lindhart free-electron contribution of 116 additional

reciprocal lattice vectors. The resulting phonon frequencies are reported in

Table I together with experimental data. The overall relative error is about 10 %

(20 % in ZaSe).



C6-662 JOURNAL DE PHYSIQUE

The TA frequency is vanishing and only the TO one is of interest. We analyze
2 in Table II and find that (i) local fields (i.e. off-diagonal IDM elements)

are more important in more ionic materials, indeed they are responsible for the

lowering of 'To with ionicity in the Ge isoelectronic series, and (ii) local-field

effects are more relevant in Ge than in Si.

Opposite to the transverse case, the dynamical matrix for longitudinal phonons

at q - 0 depends also on the nonanalytic part of the I10 through the Born effective

charges2 Z* and Z* (the A,C labels indicate anion or cation) which should satisfy

the relationship Z* + Z* = 0 as required by the acoustic sum rule (ASR). In our

first-principle calculation without adjustable parameters the ASR is not exactly

fulfilled (cf. the calculated values of Z* given in the lower portion of Table I)

and this is why we obtain "LA " 0. The largest ASR violation is 16 % in ZnSe; simi-
3,7lar deviations were previously obtained for Si3' . For the LO frequency we obtain

'LO " 'To in covalent crystals (a result of symmetry alone) and we predict reasonab-

ly well the LO - TO splitting in polar materials. Due to the ASR violation, the

calculated longitudinal eigenvectors are not exactly the acoustic and optic modes.

The mixing however is small.

Tab. 1 : Calculated (upper) and expt.
(Tower) phonon frequency at the Brtllou-
in zone center, in THz. The calculated -4 -4
Born effective charges are also shown.

Si Ge GaAs ZnSe
iiA 0 0 0 0 -84 1

0 0 0 0
4 a

1.32 0.82 0.74 1.19 4

0 0 0 0

*ro 17.23 8.09 7.47 4.8115.63 9.11 8.06 6.09 l .1 ,

17.23 8.09 8.00 6.51 . -L D 15.53 9.11 8.75 7.55 4-

Z A 0.49 0.60 -1.24 -0.96 a 4
Z 0.49 0.60 2.19 2.21

Tab. 2 : Partial contributions (THz2 )

nl lfl off-diagonal up to 113 9 vect-
ors; d) diagonal fro-electron from 116
additional 6vectors.

Si Ge GaAs ZnSe Flg.l: Polarization elertron density
a) 415.9 142.1 135.3 106.7 WU Felectrons/cell) induced in ZMSe in
b) -137.4 -69.2 -59.5 -33.2 the (1,T,0) plane by optical phonons at
C) -14.4 -19.0 -31.5 -64.0 the zone center. Larger dots indicate
d) 32.9 11.5 11.4 11.6 anion sites. (a) TO mode; (b) LO mode.

h -
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3. Electronic polarization associated to zone-center phonons.- We do not consider

here q - 0 acoustic phonons since they correspond to rigid translations of the

lattice and induce therefore the same rigid translation of the electron density. The

q = 0 LO and TO modes differ on a macroscopic scale but their ionic displacements

in the unit cell are the same for q -0 and are given by 'A i - Ip I and u'C . U

where 0 2 M NA/Mc is the nuclear mass ratio, and "is an effective aplitude of

the frozen-in phonon which in the computations has been chosen as U a 0.005 (1,1,1)

in a.u.. Electronic polarization densities induced by these displacements have

been calculated by inserting the linear-response electronic screening potential

into Poisson equation.

In covalent materials the polarization densities associated to LO and TO modes

are the same for q * 0 and they are similar to the result almady known for Si 4 .

Electronic screening mostly corresponds to a transfer from stretched to compressed

bonds.

In polar materials the LO and TO-modes for q w0 induce the same macroscopic
polarization but a different microscopic response (Fig. 1), the difference being

the same electronic polarization density as the one induced by an effective exter-

nal uniform field 4 w - 4' (ZA A _ + Z dj) / Q where 2 Is the unit cell volume.

The electronic response is stronger for the TO than for the LO mode in agreement

with nerpw considerations. Electronic response in ZnSe is mostly given by dipoles

at the atomic sites as one expects in an ionic material and contains a very large
local-field contribution. The results for GaAs aft intermediate between those of

Ge and ZnSe.

4. Ackowledgmnt.- Work supported in part by the Swiss National Foundation, and

the GS - CNN, Pisa, Italy.
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PHONON SPECTROSCOPY OF CHROMIUM-DOPED GALLIUM ARSENIDE USING

SUPERCONDUCTING TUNNEL JUNCTIONS

M. Hadache, P.J. King, D.T. Murphy and V.W. Ramptou

Department of Physic., University of Nottinghamz, Unversity Park, Nottingham,
NG7 MR, England

Abs tract: - Phonon spectroscopy measuremmnts have been ad on a variety of
chroum-doped gallium arsenide samples over the range 3'cm 1l (90 (3.) to
24 cml (Y20 G3.)' at 1 K. Th Wal-insulating samples and in weakly p-type
samples a cluster of thre partially resolved resonant absorptions at 4.2 an-!
4.*9 cm-1 and 5.6 cm-1 are found, together with a weaker but broader absorp-
tion at 10 cm-1. Theme absorptions are not affected by sub-band gap
illumination. In n-type samples these features are not found under dark
conditions, but May be Induced by illumination.

Chromium has often been Introduced Into gallium arsenide to compensate

shallow donors in the production of semi-insulating (St) device substrates. The

numerous charge states of chromium have been studied by a wide range of techniques

which have Included electron spin reonoAince (epr), optical absorption, photo-

lumineence and far infra-red spec troscopy.- Techniques which Involve the oupliug

of chromium tons to 'phafona' hawe included acoustic relaxation, acoustic para-

Many experimental results have been explained on a model where chromium

substitute. (a) for gallium In the Oaks lattice. Cr a has been used to explain

epr, far infra-red spectroscopy, the 0.82 eV optical absorption line, and an

acoustic relaxation peak. Cr 3+and Cr +have been reported to give distinctive

epr lines while Cr 1+has been observed only under large hydrostatic pressure.
The dominant state Ism found to depemd cm the* nature of the materis l, Cr3*

dominating In n-type material, CA5r 4 piuti in a~ ~ptp aeil, while
1. 34.51 material contains a mixture of Cr ad 'Cr, !. Valyppe changes can be Induced

by suitable Ilmination (&ee 1, 2, 4, S .m 6 sad references thereIn).

ftossi Jahn-T$ le seielov which have ropleesi 0he ori.~mfl statc Jams-

Teller models of Cr* and Crr, are now well developed.

lose-psos reslts have, hevowz, not secoivud a eatioseep amiamstton,

these Including apr Iend for example the frequemey crossing results of Challis

ad 3ada.f
On* technique Uhl~ a.ot b"e cidelyT applied to this sysm is ph"one"

spetroe~yusing tumel jusetiomi, although Marayanmrti has described a

measurement me em sesi-imulatifg (9t) material.
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We have made measurements on &-type, S1 and lightly p-type material using

aluminium detectors and lead bismuth alloy generators both In the dark and in sub-
band gap illumination. The results reported here were obtained using low

frequency sine wave modulation of the generator junction, and detection of that

frequency using phase sensitive detection techniques, although pulse measurements

have also been made rse for example lisenmenger a).

The samples used originated either from Csechoslovakia or from the Plessey
1,3,

Company in England ., The results here were made on CS-B, an St Cxechoslovakian
sample, GA721, a lightly p-type sample containing sinc which is semi-insulating

at helinm temperatures, G735-i, an SI sample and GA735-1, an n-type sample which

remains n-type down to 1 1.

5 10 15 20 25 c-

Sample cs-n cw Figure 1:

Detected signal as a

function of generator bias.
The sample was out forf t <100> propagation.

3.5 4.0D 4.5 5.0 5.5 6.0 mY

The results on the p-type and semi-insulating samples were essentially

salmlar ad * speatrum obtained on CS-I is shami In Figure 1. The coast of
detector sensitivity at 1-. 3 cm 1 is masked by 1k group of three strong sand
partially resol~od remonant absorptions. indioated by arrows. A higher energy
absorption In -as region of 10 c_ Is also indicated. In 8II Sape these

limes are little attested by sub-bead gap iMmination provided by an optic

light guide from a quarts Iodine lamp through a silicon filter, this arrangement

providing a bad pass of 0.6 eT to 1.1 *V.
Is a-type material none of the resonances described above are found If the

amle is cooled to I I In total darais. If, however, the sample is them

illumIsated with *%b-bead ga light, all o'f, tbe~ax ftwe eetre 4ft Figure I
appear In a time depemdent em the light intensity. 00 remowal of the light

the featues. de"s, the time taken to reach half height being of order three

bowsi. It to possible to digitally subtract the spectra at different time"
after illenimatem sod such subtractions are show& In Figure 2. 1 is the result
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5 10 15 m- If I I I I I i I I I I

Sample GAl35-1 CW

Figure 2:Subtracted spectra asa

function of generator bias.

The sample was cut for

<100> propagation.

S I i I I

3.5 4.0 4.5 5.0 nV

of light - li hours dark and 1I is the reelt of light - 3 hours dark. The

three features at 4.2, 4.9 and 5.6 cm- are clearly visible and the broad band

at 10 cE"1 is reproduced. A lower shoulder on the three line band is also in

evidence. All lines appear to be created and decay in proportion. The light

dependence of theae results resmbles that of the apr on the seae samples in that

in SI material resonances are seen which can be light Induced in n-type samples.

Challis and andane have reported a phonon absorption at 5 cm although they

were unable to resolve any structure -Our lower shoulder may be the upper wng

of their line at 2.7 cm-1. They attribute theme two lines and one at 13.3 cm-1

to Cr , although it omea Improbable that this Kramer. ion is also responasible

for the apr.
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ULTRASONIC PHONONS IN Hg0.8Mn0.2Te : DEPENDENCES OF ELASTIC MODULI ON

PRESSURE AND TEMPERATURE

M.H. Chao and l.J. Sladek

Department of Physics, Purdue Univ~ersity, West Lafayette, Indiana 47907, U.S.A.

Abstract.- Ultrasonic transit times have been measured for Hg0.8Mn0.2 e, a
semimagnetic semiconductor, as a function of pressure up to 4 kbar at 296 K
and of temperature from 1.5 to 296 K. They are used to deduce the second
order elastic stiffness constants SOEC and also force constants and third
order el~astic constants at 296 X. T~e shear modulus Cs a (C11 - C12)/2 is
decreased by pressure implying a structural transformation at 10 kbar. No
elastic effects attributable to the magnetic ments of the 14n ions are
observed even at low temperatures.

Hgl-xMnxTe crystals with x 1 0.35 have the cubic zinc-blonde structure. The
magnetic susceptibility, x, and heat capacity of Hg1..xMnxTe exhibit effects at l ow
temperatures I which depend on the magnetic moments of the Mn tons. Since the elastic
properties of Hg1..)JnxTe are unknown for x , 0, we have begun studying them in
crystals with different concentrations of M4n and report herein the elastic behavior
of semiconducting 14g0*8Mn0*2 e.A

The transft times of 30 MHz longitudinal and transverse ultrasonic waves 1
propagating along the [110) direction were measured as a function of hydrostatic
pressure up to 4kbar at 296 Xand oftemperature fromi 1.5 to 296 K at 1 bar.

We obtail Values Of C11, C12, C44, and CS 0 (Cjj1 C,2)/;2 for Ng0*g@n0.2Te
within 8% of these for IHgTe. 2 All elastic stiffness moaduli Of Hg0*,Mn0.2Te have
l inear dependences on prftsure. As can be seen from Table I, the sheer modul i Cs and
C44, decrease, while, C11 Ad C12 increase with increasing pressure. For Hfg~eNn0*2Te
the pressure derivatives of C11, C12, and C, are within 9% of those for HgTe. 3

However, 'dC44/dp is wach smller in 11g0.8110*2T4 than in~ IgTe in tdiieh -it equals
-0. 12. Otir results, along with the fact that HgTe trasform to the cinnabar strue-
tone at 14 kbar4g, fls 014t N91.^1h. 270 Will haVe & similr truwfOrsmtios t
sommiAt low r essu which we estimate to be, 10 kbar by afsuWtn it ocaursS Wn
CsA3 reaches 1.17 as in Nub. (11ls the bult odulw:4Cii + 2C12)/3.) ,Elastic
gems calcufated from our date ustni therilattmn rnj * h Vf an Ctj/ap - 1/6 are
listed in Table I also. The negative sheew wme 9ft impy that Ow kmmI
expansion Coff"Ciit ft "ft. %. 2TO %0 11 be mugatiw at low -tempaeatures as i s the

using Mquatto.U from I*n 14taletuw *sh we torructa for soa INror, and
our data we deduced the force constants and third order elastic stiffness constants
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Table 1. Values and pressure derivatives of elastic stiffness moduli and the anhar-
monicity parameters (elastic gammas) of Hg0.8Mn10.2Te at 296 K.

CU 1~( 1 dyn/cm2) Iac1i/aPIP,,1 bar ri

C11  5.15 3.51 1.23
C12  3.55 4.25 2.28

C41.96 -0.29 -0.47

(C11 -C 12)/2 0.80 -0.37 -1.12

(TOEC) for our Hgg.010.2Te sample as shown in Table II - and y are bond-
stretching while 0 and a are bond-bending constants, whereas e is a mixed bond
stretching-bending constant.

Table Il. Harmonic force constants a and 0 (in 104 dyn/cm), anharmonic force
constants y. 6, and , and third order elastic stiffness constants Cik
(in 1012 dy/CM2) of Ag0o.8Mh0.2Tre at 296 K.

a B y 6 t111~ C112  C123  CV4,4  C166 C456

2.687 0.24? -1.609 -0.205 -0.221 -3.32 -1.62 -1.46 -1.06 -0.106 -0.064

tabohmaterials have the same Phillips iofticity (0.65) in view of Ref. 8. Our
value of V, d y fo 9."O2eaeconsistent w$ hwtheseraisdpn
o ifrvarious 111-V and II-VI compounds. 7The SOEC, the force constants, and

thre oftheTOEC are smaller in Hg0.0%0.2Te than in HgTe. This seem consistent
wit th loer ranitin pessre e hve eduedfor HSG,t7 0 e compared to Hg7e.

The OECof ncrese moohlyin the usual manner as temperature
is ecrasd fom296 K to 1.6 X. The overall temperature dependencas of the SOC

aesmoitsmaller taingevTsm bed to th ij and TOEC9 having
dtfevintvolesin the tw mterials. To look more closely for possible effects
assciaed ~ththe increase of mopnett susceptiblltyl at low temeratures we show
inff. dtaoly fo 1 n eo.Fo i.I Um ew toben v

foreffcts whch igh beassctaed iththemageti owts of the It' lons. The
aboe fanomalits1 0SC sWssaf ihte being no cm nxadm

InsUmfyI frin ourW VltVnoooi M"Wawmts oSr Wg.hoa me Wclda
that Isbnigis meeker and transition pressure smaller than in NgTe and that the

SK m eaffeto appreiably AV 0 Mpiet m Inm ef the No Spa.
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PHONON ASSISTED TRANSITIONS IN THE FREE CARRIER ABSORPTION OF

SEMICONDUCTORS IN QUANTIZING MAGNETIC FIELDS

R.N. Spector*m and T.M. Rynee*

1.1,T.

*TRW

Abs ract-
We have Investigated the affect of the scattering of free carriers in aemicon-

ductors by both acoustic and optical phonons on the free carrier absorption in
quantixing nagnetac fields. We find that for electromagnetic radiation polarized
either parallel'or perpendIculhr to the magnetic'field, the free carrier absorption
is an oscillatory function of the magnetic field. The origin of this oscillatory
magneto-absorption Is due to phonon assis ted traneitions between the various Landau
levels of the free carriers in quantizing magnetic field. F rom the periods of the
oscillations in the free carrier absorption, the frequencies of those phonons which
Interact most strongly with the free carriers can be found.

The absorption of electromagnetic radiation by free carriers In Intraband

transitions iu semiconductors can only take place with the siultaneous scatvering

of the carriers by imperfections in the crystal1192. Therefore, the dependence of

the free carriar absorption coefficient on teoprature and wavelength of the radia-

tion field will depend critically on the scattering mechenia.. which ame doefnantj
In a particular samicanduator 3 . In strong -magntic, fields, the energy levels of

the free carlriers, which form a continuum In a particular band In the &hbse* ofj

the field, are quantized Into Landau subbands. Because of this quantization, the

absorption coefficient will become a function of magnetic field as well as photon

fsequny and teoperature. Intraband transitions can occur not only to states Inf
the ame Lands dubband but also to states in, other Uamo su*banem if the energy

of the photon being absorbed, *A, Is greater than the energy separatioa between

subbamda, which Is kw. Wor w.c is the cyclotron frequency of the carrits, f or
Parabolic energy bands. hA oscillatory dependence of the freen carrier absorption

with magnse fieold is 'pedlee wer the absorption bas peeks, ase me.ur
2kas oscillatory dependnsef ariss £ so. oascitions in the free carrioe density
of states whenever transitions can take plaes to. a snsv Landau subband.

In met ftsiassimmera# tere I@ a r~sg of -temperatures. and 4aping levels for
which either acoustic phomome or optical phoness will dominate the scattering of -

the free carriers. latraband transitions can occur with either the absorption or

a Thwe reseeasbsupported In part by -a grant from the ISP Kateriels Research
lha'tey lou, Grant Ns. U76-244".
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emission of a phonon. When this occurs, the peaks in the free carrier absorption

coefficient occur when gino " c5, where w 0 is the frequency of the phonon being

absorbed (plus sign) or emitted (pinus sign). Therefore, from the periods of the

oscillation of the free carrier absorption in quantizing magnetic fields, the fre-

quoncies of those phonons, whether acoustic and optical, which dominate the scat-

tering of the free carriers can be determined.

The free carrier absorption coefficient is given by

nei

where W."* is the transition probability given by second order perturbation theory

for absorption or emission of a photon,

Vi at . r2w j'flM+I i>f2 d!~ihl~

+ f3. li> 12 6(uf ELi*Ino), (2)

fI is the free carrier distributiou function, c is the dielectric constant, n the

nuer of photons in the radiation field sad <flMjji> is the transition matrix ele-

mt for the electron-photon interaction with the simultaneous absorption or emis-

sion of a phonon. Because the form of the interaction Hamiltonian between the

radiation field end the carriers depends upon the polarization of the radiation, we

find that the free carrier absorption depends not only on the maigntude of the mar-

netic field but the orientation of the field relative to the direction of polari-

zation of the radiation. For the radiation polarized along the direction of the

magnetic field and for either acoustic or optical phonon scattering via deformation

potential scattering, the free carrler absorptiom coefficient Is

eupi- (U 4)jh ezpt(;F- (04W~)
ni -OB

U+ 0€ H

I F-4 ~ - (Rf - ni) D empi (uf-ni) =A

of . 2k3 T c ART

Ie h 0-v a

for IJlbtl, deped soemetotus when te car8r are nomisusmerate and
.... -__s (f - 2U M

exp ~ -, A- Y - 7 -n-, 3
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f +
n 2 1 4Y~

. I EfAl1 nlyw . + (4)
n -0 o)1

for heavily doped semiconductors where the carriers are degenerate. Here, n., IL

and n2±are the largest integers satisfying the conditions

Q E f H ±

n -n i + ni- - -Tand n o"a~ 11~ 2 +~ 0 2 and the rest ofthe sybols

are as defined in previous work4 9. The frequency w. iU the optical phonon fre-

quency when optical phonon scattering or Intravalley scattering is important and is

the frequency of the acoustic phonon which interacts most strongly with the free
carriers when acoustic phonon scatterin is dominant. In very strong fields, these

are phonons whose wave vector q v .. * For both degenerate and nondegenerate

semiconductors, the absorption coefficient is an oscillatory function of magnetic
field with the period of oscillation depending upon the frequency of the phonons

which Interact most strongly with the fine carriers. Howe ver, the detailed depen-

dence of the absorption on field and the amplitude and prodicity of the oscilla-

tions differs between degenerate and nondegenerate materials.
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VIBRATIONS OF SUBSTITUTIONAL IMPURITIES IN SEMICONDUCTORS

O.H. Nielsen

Institute of Phyeice, University of Aarhue, DK-8000 Arhus C, Denrrrk

Abstract - The Green's function technique has been studied in detail, permit-
ting rical calculations of mean-square amplitudes in perfect and impure
lattices. The 119Sn substitutional atom is distinguished by being an isoval
impurity in Si, Ge and a-Sn, and by being an amphoteric dopant in the 11I-1
miconductors. Several impurity models are employed for quantitative interp
tation of Mlssbauer Debye-Waller factors from a systematic study by Weyer
al.

1. Green's functions. - The well known Green's function technique1 for vibration&

correlation functions (mean-square amplitudes) can be amended with a few expressions

facilitating actual calculations.2 The Green's function eqs. (2.4.44), (8.5.5) of
Ref. 1 can be written for real w as

0p ga ( Z ' 'I ' ;
-9

' )  in a(,£K
G( ,'K';Wt+ io) L 1 2 T g 8(tK--$'i'';W)] (1)

LiI J 0

g9,(1K,'K';W) is a generalized density of states (DOS) function which for the per-
fect lattice is calculated as a Brillouin-zone sum.2 Pf denotes a principal value

integral which may be evaluated numerically as in Ref. 2. The impurity Green's func-

tion V is found by solving eq. (8.5.2) of Ref. 1

[T- ' . (-4+ .W2)] T=1 1 (2)

which for practical purposes may be separated into two coupled equations for the

real and imaginary parts using eq. (1), see eq. (9) of Ref. 2. Correlation functions

are easy to obtain when the DOS functions have been calculated, since the fluctuation-
dissipation theorem yields with eq. (1)

<u (1K)V (ZOW, )>. 0I [1 g (9K,1,K, ;w).coth(|jko/kBT)du (3

In particular, the mean-square vibrational amplitude of a lattice atom oran impurity
is given by eq. (3) using the goa (Li,1<;w) matrix element of the DOS function. For
comparison with experimental data It is often convenient to expand the coth-factor

to obtain an expression for <ua(z)'> at high temperatures (kBt> Pwax/2v) in terms
of weighted moments of the DOS. 3 The moments can be recast in terms of Debye teape-
ratvres rigorously defined by2 "4

%(Ia.!JN3 (AcK'* ; 4 1-3 .(4)0 ,(,)#X")W

-- ... .... i i .2;
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The indices (alK) are understood for OD(N) (which can vary significantly with N).

The expansion of eq. (3) becomes

3kBT 2 0 (-2) 2 e0(-2)e0(2) 2 (5)

The terms indicated usually give accurate values when T joD(-2). Fitting high-tempe-

rature <u C) 2> data will thus determine a aD(-2) value. An interesting observation

is that by eq. (1) the N =-2 moment of the DOS is simply given by - M XG (LK, K;

w= 0). Applying this to a substitutional impurity yields by eq. (2) the relation
2

-;2) = (2 .  • F( (6)

where a prime refers to the impurity. The function F is found by solving eq. (2) at

w=0. A nass defect with 1==O has F=1. A model for impurity mean-square amplitudes

at high temperatures would aim at calculating F for various 70-.

2. Interpretation of MHssbauer data.- The 119Sn substitutional impurity in both

group W5 and group M-V 6 semiconductors has been investigated by MUssbauer spec-

troscopy, detemining the temperature variation of the Debye-Waller factor. For Si,

Ge and a-SnWeber's adiabatic bond-charge model7 was applied for the perfect lattice

phonons to yield the 6,(N).2,5 A hierarchy of impurity vibration models have been

considered: (1) The mass defect nodel (see above) proved insufficient for Si, Ge,

but of course good in a-Sn. (2) The simple and analytical Mannheim model3,5 quanti-

fied the (-2) in terms of force constant weakenings. However, this model assumes

n.n. central forces making the diamond structure unstable. Furthermore, the force

constant changes, necessary within this model, were rather large, anJ be-Ter models

seem warranted for the semiconductors. (3) A model using the bond charge model con-

cepts was constructed,2 neclecting any changes in the long-range Coulomb forces.

Changing simultaneously all impurity potentials to fit 06(-2), resulted in force

constant changes of- 26% (Si) and - 27% (Ge). For GaP, CaAs, GaSb, InP, InAs, and

InSb a number of phonon models were compared with neutron diffraction determinations

of <u%(tK)2>, rendering the rigid ion and deformation dipole models insufficient.6

Some of the shell models gave reasonable results. Site-selective implantation of
119Sn yielded a complete set of 06(-2) values which were analyzed using eq. (6) to

determine the values of F. The I- and V-impurity .ites were clearly distinguish-

able in terms of F, and showed an unexpected qualitative difference between g1 9Sn

being in a Ga- or an In-compound.
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PARAMETRIC AMPLIFICATION OF MICROWAVE PHONONS IN SEMICONDUCTORS

H.N. Spector *

IZlizois Institute of Technology, Chicago, IL, U.S.A.

Abstract.-

Two different nonlinear processes involving the Interactions of phonons with
electrons in a semiconductor in the presence of a d.c. electric field have been
theoretically investigated. The first process involves the mUIft of ultrasonic
waes to generate'nb-ultaohi6 wave at 'tim sum r "diffetence frequencies of
the original waves. The mechanisms which couples the waves together involves the
interaction of the carriers bunched by one of the waves with the fields Induced
by the other wave. The second process involves the interaction between a forward
traveling ultrasonic wave and a microwave radiation field to generate a backward
traveling ultrasonic wave (phonon echo) and an splification of the forward trav-
eling wave. In piezoelectric semiconductors in the presence of a d.c. electric
field, the need for a threshold microwave field for the generation of the echo
wave and the aplification of the forward traveling wave can be eliminated under
certain circumstances.

Nonlinear processes involving the interaction of phonons with each other or

with photons provide a mechanism for generating high frequency phonome in the

microwave frequency range. These nonlinear proceses can be drastically effected

by the presence of drifting carriers in a semiconductor. The nonlinearitles which

give rise to the paramtric amplification of microwave phonons in semiconductors

originate either from the nonlinear properties of the media (such as the existence

of third order elastic coefficients, electro-optical coefficients, photolastic

coefficimts., etc.) or from the nonlinear currents generated when charge carriers

bunched by one wave interact with the fields induced by the other wave.

The basic equations which gevern the behavior of the system of phonons inter-

acting with each other, as well as with electrons and photons, are the equation of

motion of the lattice in the elastic continuium approximation

=t ij (1)

where ui Is the mplitude of the ultraonic wave and Tij is the stress tensor,

Nmel's equations for the electric and magnetic fields, end the constitutive re-
-4 -1

latione between the stress tensor, polarisation P, magnetisation M end current

density J end the strain temeor SIP electric field 3 and magnetic field U. In a

*Supported by a grant from the NSF Material Research Laboratory Progra, Grant No,
76-24466.
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nonfrroelectric material, the free energy F can be expanded in powers of the
1

strain and the electric field while In a f.rroelectric material, it can be ex-
2

panded in powers of the strain and the polarization . The stress tensor can be1
obtained from the fee energy using the relation

Tij O (2)ij as i
1 2

while the electric displacement vector and electric lield vector can be obtained

from the free energy using the relations

- 4, - (3)Dit  a

and

Ei a (4)aE

The current density induced at frequenCy W3 can also he expanded in powers of

the electric field

SJi(w3) -o0((03)E + A ijk(w ,w2)E (ul)Ek(w2 ) (5)

where h14w2 - ws The nonlinear term in the current density arises from too mixing

of waves of different frequencies to generate waves at the one or different fre-

quency. By expanding the free eaergy up to tern of third order in the product of

the strain and electric or polarisation fields, we can obtain the tern in the

interaction which couple the phonons, photons and electrons together in the lowest

order to give rise to parametric soplification of phono s in semiconductors.

We now consider two different processes in which waves can be coupled together

by the nonlinear terms to generate new waves at the sun and difference frequencies

of the original waves. In the first process, two ultrasonic waves are coupled
3

together to generate either harmonics or subbarma ics of the original waves . The

electric fields which -appear In the second tern of the current density, 3q. (5),

are than the piesoelectric fields induced by each of the ultrasonic wave. In the

second process, there Is as l-teractiou between an ultrasonic wave and a microwave
1 2

electromagnetic wave to getnrate an echo ultraesnic wave " or between two

oppositely directed ultrasonic waves to generate a microwave radiation field .

The electric fields in the second tern of the current density are the radiation

field and the piezoelectric field accopanying the ultrasonic waves. If the non-

lner coupling term are small, we can write the displacmet due to the ultro-

sonic wave end the electric fialds due to the electromagnetic N as plane waves

modulated by a slowly varying awpltude A,

1(s,t), u(st)- i(s)epi(qat) (a)

where q and u are the wave vetor and froquena of the partielfr . The slow-

ly varying aplitudes of the waves obey a differential equation of this form

I aiA +

do .... . . ..i - I I I I
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Here Ai , A, and are the slowly varying ampitudes of the waves which are coupled

together, a is the linear lose coefficient for the i th wave and q jk is the non-

linear coupling coefficient which couples the three waves together. These coupled

equations have been solved to obtain the generation of ultrasonic waves for the
1-4f

different processes mentioned above . The results obtained depend upon the

magnitude, frequency and electric field dependence of the nonlinear coupling co-

efficient ijk "

For the first process, which involves the mixing of ultrasonic waves to gene-

rate ultrasonic waves at the sun or difference frequency, the nonlinear coupling

coefficient gives rise to a nonlinear gain which depends on the strain field

accompenying the initial wave

N -- a + 2.LqL IS(o)1 (8)

The nonlinear coupling is enhanced in paraslectric and ferroelectric materials

because of the larger nonlinear material parameters in these substances. Eq. (8)

gives the nonlinear for the case of subharmouic generation. For harmonic genera-

tion, the intensity of the generated wave is directly proportional to n.

For the seoond process, which Involves the mixin of ultrasonic waves with a

nicrowta radiation field to generate an echo wave and amplify the original ultra-

sona wavo, we have found that for piesoelectric semconductors -in the presence of

an applied d.c. field the need for a threshold microwave field for generation of

the echo ad .mplficaton of the Initial wave can be eliminated under certain1

circumstances • The condition for the amplification of the initial wave mnd the

geration of the echo is
Rn 3 a 1+60(9

whore
N [( a.. )2 + 4,in, 1%1 2 11 (10)

and TV is the amplitude of the microwave field. In the presence of drifting

carriers, ai'se, wbere the subscripts I and a denote quantities associated with

the initial a edho waves, and the condition $Ivn in Sq. (9) can be satisfied

with negligibly small threshold maicrave electric fields.
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THE LOCALIZED MODES DUE TO PHOSPHEROUS DEFECTS IN CADMIUM TELLURIDE

K. Rawachandran and T.M. Haridasan

SohooZ of Phyio, Madurai Xzuraj University, Madurai 625021, India

Abstract.- DuTZ and Spitser have experimentally observed
the localised vibrational modes related to the phosphorous
defect in CdT. and reported that this defect may go either
to substitutional or Interstitial site. In this paper we study
theoretically this phosphorous defect behaviour for these
two possible sites by Green's function technique and we
believe that phospherous goes interstitially rather than
subetitutionally.The localized modes paired with Ga,In andAl
a- also investigated and discussed in the light of the
experimental results.

1. X.%Taggtion.- Dutt and Spitser 1  measured the infrared active
localised vibration modes (Lv) In Cde when defects of phosphorous
paired with In.Ga or Al are introduced. Their studies on LYN could
not rule out the possibilities of the P defect going to inter-
stitial or substitutional sites. It may further go to To or Cd sites.
V-or interstitial configuration it may be surrounded by 4 Cd neighbou

re or alternatively by 4 To neighbours.The site symmetry in all
these case is T and the LVM falls under the F representation. To
throw more li on the defect confguration . the light of the
experimental results ,we have made some theoretical investigations

on these LVs using lattice Green's functions and the results
are presented here.
2.a) I' oas: eubtjpto I cintre.- Usi the theory of fdud a e-% " 27 Te b" freuencies can be obta~nar fro the

solution of the d.terminantal equation I- 4. ) & O)l J O where
g refer a to the Green's function of the host lattice entering the

defect space(constituted by the defect and its 4 neighboUrs) an"

Tl the corresponding matrix for the force constant changes in the

sane defect ' space.Using the symmetry cooruinates these matrices can

be blockdiagonaliAed and the blocks of interest corresopad to a

3x3 matrix corresponding to P2 representations. The relevant Green's

functions are computed using the phonons and sigenvectors of the

modified rigid ion model of Plumble et al3. Assumi no yela ation

the fore* constant. changes can be expressed with. tae paameter
46A. If we fit the experimental LYN to this configuration we

noticed an unusul increase of th- foree constant. Whei* one

____ LW
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normally expects a force constant weakening for a lighter impurity
such a large increase in the present case (. About 74% ) prouted us
to examine the interstitial situation using lattice Green's func-
tions.
b) Intelstitial case.- Here also the nearest neighbour appro 1-

mation with T d symmetry gives the LYM under F 2 representation. Using

the heoy ofBrie 4adapted for this case gave a force constant
between interstitial and the hoot atom first neighbour around
3.8468x 3604 dynes/om as against 6.x0 dynes/cm beteen Cd andTo.
The Inclusion of the second neighbours did not alter the situation
very such. This reveals that the LYN mode 'can be accounted in an
interstitial configuration with a weaker force constanit between
the defect and the first neighbour. This is what one expects
for a lighter impurity. In ofter to throw more light we have also
computed. the LYN modes due to the additive Impurities of Ga, In
and Al in both these configurations.

c) Substituted P defect paired with Ga.In and Al.- We assume P to
Te site with Ga,Iri or Al going in any one of the 4 neighbouring
Cd sites. We have now, 2 LVNB associated with P centre due to the
reduction of the point symetry.Using the fitted force constants

from isolated substitutional cases the LVJ'I are calculated f or
this configuration.However in these cases also one noticed Al-Te

Ga-Ye interactiobs to be larger thanCd-Te interaction.

d) 1gtarst.4 tial P defect paired with substitutional Ga. In nd Al.- 1
The interstitial P atom is assumed to be surrounded by 4 Cd atoms

one of which is now i.ep~laced by Ga.In or Al. Nov as in (c) knowi.ng
P-Cd interaction from isolated intterstitIal' Od~b and' interaction
of the t"p Ga-fe from isolated subs titujoa cafe and Ga-P
interaction from cretal data of GPlt. modified LVII frequencies
are calculated.

-4Ruut aad onpclusions.- 7he results are sumarised in Table 1.
A perusal'of the results indicate that for the pai"ed case'the Mei~
are satisfactorily accounted for by both the configbrations.4

Buat We shoUuld bear in mind thaat for the substitutional bases,
one encountered'unusually large force constants for Cd-P,

Ga-YTe and Al-Ye. ftenthongh for these lighter impurities,
due totefact that Gr="n III Or V elements enter in CdTo,
Oo expects some long range Coul~omb contributions , still such

extreme force constant changs of 74% are Unexpected. Taken

from this angle If one looks at'the interstitial results,

I4
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Table 1.

System Calculated LVM frequencles Expt
i n CS - 1 )

Subst tutional (Interstitial

P-GaCd 318.97 318.92 301.5

349.21 345.97 352.5
357.5

P-Ind 308.99 322.4 305
345.97 352.7 331.5

P-Alcd 399.98 352.72
430.36 420.23 -

the pair modes are fairly well explained with a weaker P-Cd
Interaction. Thus we feel that P may go to the interstitial

site rather than to a s8bstitutiomal site. A recent calculation
by Vandevyer and Talwar for substitutional configuration also
gave a negative esult.But they had not considered the case of

the interstitial configuration. More data from experimental studies
such as from Ramn scattering would be highly desirable to throw

more light on the P defect configuration in CdTe.
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RESONANT RAMAN SCATTERING IN TiO2

J. Camassel, B. GOil, P. Merle, H. Mathieu and J. Pascual*
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* Univeraitat Autb?,no de BaroeZena, BeZZaterra, Baroelona, Spain

Abstract. - One investigates the resonant behavior of Raman active phonons in
Tii for incident laser energies ranging between 2.0 and 2.75 eV. One finds
the eihancement to be dominated by the quadrupolar interaction.

14
TiO2 (rutile) is a wide band gap semiconductor which belongs to the D4h sym-

metry group. The fundamental absorption edge has been well characterized from

experiments performed at liquid helium temperature ( 1 ) . The result of both experiments

and theoretical calculations ( 2) concerning the ordering of electronic energy levels

at the center of the Brillouin zone is schematically drawn in Fig. 1. The lowest

absorption edge is associated with a first-order forbidden quadrupolar interaction.

Dipole-allowed transitiona correspond- to perturbations wish r '2 (EII/) and r,5 (E.Z)

symmetry, respectively. If one refers to the crystallographic directions, the polariza-

bility tensor of the first-order non-resonant Raman process corresponds to ( 3 )xx
-(rx, x rx 1,) .- rI (AIg) + r3 (Big)

xy (rX, x r Y,) - r4 ( B2g)

zz (r2 x r 2,) _. rI (A I )

x3
ot ( (rX5, x r2 ,) - r . (E )
(yz)

We have studied the resonant scattering tuning the Incident phonon energy t*

close to the exciton energy of the fadamental gap. I.nthis cae, of the six term

contributing to the scattering probability per unit time ( 4 ) one becomes the strongest

compared to all other terms which can approxiamted by a constant C. Thus, inreso-

nant Raman scattering (RRS) the scattering probability is written as

rz I Hik> C Ixl H < rIH1ir> 1'
P (Xl'w 5) j'  r 1H (w Z -1 3 -

jk ("k - '06) (wJ - WI)

where r 1> corresponds to the unperturbed ground state of the crystal ; H1(3) and

H2 are the exciton-radiaton and exciton-phonon Interactions, respectively ;lj>andlk>

,,,,- , . , , . .-
EUROBON
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denote intermediate states in which excitations are created in the solid ; Wl( ) is the

energy of the incident (scattered) light, the energy of the phonon and )(tOk) the

energy of the intermediate state.

All experiments have been performed using previously described techniques ( 3)

The incident propagation was along the c axis, the collected one along a. All incident

freqqencies were provided by i) an argon-ion laser, ii) a C.W. dye laser using R6G in0

the range 5700-6000 A, Iii) a pulsed dye laser pumped by 1 MWatt nitrogen laser.

r (A 76 meV1612 cm - I Raman-line

The most resonant electronic process first includes the crea'on of a direct exciton

in an excited state of symmetry b = > 3 by means of a quadrupolar interaction H (r 3 .
The exciton is next scattered to the exciton ground state tk =r > by the rI phorion.

Finally the exciton anihilates by quadrupolar interaction H3 ( r I ), Other processes in-

volving two dipolar interactions from the ground state to higher excited states with

symmetry r5 , are far from resonance. The scattering probability is then given by

P (A) r 3H3 (r ) 'r 3 3IH 2 (r l , t , <r 3 H 1 (r l>
ig L41.05 *.0.076 - t4t) (3.05 -%1

!<rl t1r} r 51> <i H', (rl)4 r,,> <r5 ̂(Y ,) ly1 2]

(5. +0.076 - ui9 (5. - tY

Near resonance : A 2

(3.05 + 0.076 - (hl)Z 13.os -. t )

The solid line in Fig.2 has been calculated using A = 0.16 and aeunts satisfactorily

for the dispersion of experimental cross section.

rz(E) : 56 meV1449 cm - 1 Raman-ine

The different excitation processes involve different immcdiate states. Two of

them are summarised in the expression ot thp scattering probability 8

p (Eg [ , < 1 H3 GCr Ir 5> <r, (H a (r 5 )tr3> <r 3 IHI (r Ij r1
(5 + 0.056 - ) (3.05 -ho)

Tr I Hfr-ti o i s> <rn y (r 5) Jr.,> <r Ja si (r5,.) r t> e

seen d is not. Then the scattering ptobialliity can be written

P (I
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2The solid curve in Fig. 3 has been calculated using B = 1. 75 and, again, compares

satisfactorily with the experimental results.

r 3 (B g) :18 meV / 43 cm- Raman-line

We did not find a process which permits the enhancement of phonons with sym-

metryr 3 with quadrupolar-allowed transitions. The allowed process with lowest exciting

energy includes two dipolar interactions with excited states of symmetry P5,

P~ ~ r (I3  [ (r1 1 3 H (r5  ) I r5, 1H,1 HI rr) 5 >~IH l >1~ 2

In agreement with experimental data, the solid line in Fig. 4 displays a negli gible

dispersion in our range of investigation

References :1) J. Pascual, J. Camassel and H. Mathieu, Phys. Rev. Let. 3, 1490,197;
ZT979iaudd, C. Gout and C. .Touanin, Phys. Rev. B15, 3229, (1977).
3) P. Merle, J. Pascual, J. Camassel and H. Mathieu7'hys. Rev. B.21. 1617,1980.
4) P.Y. Yu, "Excitons", K.Cho ed. Springer Verlag, Berlin, p. 2147-D79.
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THE LOW FREQUENCY ABSORPTION OF GALLIUM PHOSPHIDE INDUCED BY IMPURITIES

AND RADIATION DAMAGE

G.A. Gledhill*, S.S. Kudhail*, R.C. Nelman!, J. odhoad~and G.Z. Zhang K

* Westfield College, University of London, Kidderpore Avenue, London NW3 7ST,

**J.J. Thomson PhysioaL Laboratory, niversity of Reading, Reading RG6 2AF,

Abstract.- Irradiation of GaP by fast neutrons or 2MeV electrons induces infra-
red absorption corresponding to acoustic modes in the density of vibrational
states. The dependence on radiation dose of other absorption lines induced just
above and just below the Retstrahlen band is examined. Observations of prev-
iouslyunreported lines in the gap mode region are presented; lines at 253cd- 1

and 304cm- being assigned to Si impurity on Ga sites and a B impurity complex
respectively.

Absorption on the high frequency side of the Reststrahlen band in GaP induced

by impurities and radiation damage has been investigated in some detail; however,

relatively little work has been done at lower frequencies. In the spectral region

just below 300cm- 1 gap modes, attributed to B and As impurities and to radiation dam-

age defects, have been observed (1,2) and in the region of low density of states just

above the TA phonon cut-off an absorption band due to a B resonance has been reported

at 158cm- 1 (3). (These features are present in spectrum (b), Fig.l.).

In this paper we report the results of infrared absorption measurements at 80K

in the spectral range 30-700cm- ' on 20 bulk GaP samples prepared and examined by in-

terferometric techniques described in (3). The samples contained various combinations

of impurities including B,Si,C,Al and As and all but one had been irradiated byeither

2NeV electrons or fast neutrons. The interpretation of the spectra was difficult for

the following reasons: a very limited range of samples was available; all the samples
contained at least two impurities and had been irradiated with a dose sufficient to

render them transparent making it difficult to determine which features arose from

damae and which arose m the various imptwittes; the samples were too thick to

msure the strengths of strong lines accurately but not thick enough to measure the

w est lines; many of the lines overlapped, weaker ones fell on or near stronglines,

with the result that some of the line strengths were estimated from unresolved feat-

ures. The best easurmnts of line strengths had an error estimated at 10% but for

the reasons Just stated sm had an error of S0t

In addition to the lines due to As (273cm? 1 ) and B (284cim1 ), features were oh-

served at 234, 253, 264, 279, 283, 294, 299, 304, 316 and 323cm - . The lines at 279,316,

and 323c-m'ftee present in all samples and are attributed to two-phonon latticebands.

on lee from Dept. of Physics, n Tonshmn University, Guanphou, China

J,.
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The line at 253cm -1 (Fig.1 spectrum (c)) was observed only in samples containing Si

impurity. Its strength was correlated with that of the line at 465cm"1 and was not

correlated with any lines arising from other defects, leading us to conclude that the

feature at 253cm-1 is a gap mode arising from the impurity Centre 26SiGa. The streng-

th-ratio of the local mode to gap mode is 3:1 for 2 9SiGa compared with 2:1 for
10+11BGa. If we assume that any gap mode associated with the impurity centre 2 7 AIGa

has appro imately the same strength-ratio with respect to the Al local mode (444cm,-),

then the failure to observe any feature in the gap which can be correlated with Al
leads us to speculate that for this impurity centre no mode rises from the acoustic
branch. In fact the asymmetric shape of the Si gap mode, consistent with its proxim-

ity to the LA cut-off, suggests that the Si mode is scarcely able to rise from the

continuum. The comparison is not unreasonable since the 28SiGa local mode has ahigh-

er frequency than the 27AIGa local mode even though Si has the greater mass.

V0 -

so-"Be

01 00

0 W ~ )0 3X)400 500aw0

Fig.l. The one-phonon density of states In GaP at 300K calculated by Kunc et al.(4)
(Hi tegram), Infrared absorption spectra measured at Ica- 1 resolution at 80K of (a)
5ru%, uni[radited GaP( ...... ), deduce d from 1 ml~esreets on ntumlerous/samples, (b) a

GaP crystal containing B,A9,C and Si impurities and irradiated with a dose of 1011
aectrce (- ) and (c) polycrystaline GaP sample onataining Si and C and irrad-
iated with 4xlO6 electrons ( - -

Radiation damp causes lattice deformation which lowers the crystal symmetry
enabling previously forbidden absorption processes to occur. In particular one-phonon

absorption is no longer restricted to the optic mode region as in the undamaged cry-

stal so it is expected that radiation damage will induce absorption similar in struct-
ure to the one-phonon density of states in the acoustic mode region as reported by us

previously for GaAs (5). This indeed occurs, as shown in Fig.1 spectrum (b), where

?~i
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the band at 234cm-1 , present in all samples subjected to either electron or neutron

irradiation,is attributed to one-phonon absorption corresponding to the LA branch of

the density of states.

Radiation damage is known to induce other features in GaP including the three

lines at 419.5, 429.0 and 430.5cm - I (designated P(l) lines) on the high frequencyside

of tho Restatrahlen band (6) and the lines at 29 I and 299cm - 1 on the low frequency

side. We find, for a range of samples, that all these features increase linearly in

strength with radiation dose up to the limit imposed by our measuring techniques.

Further-more, the P(l) lines increase linearly in strength with radiation dose for a

given sample. We conclude that the P(l) lines and the lines at 294 and 299cm
- 1 involve

intrinsic radiation damage defects only but the nature of the defects is not yet det-

ermined.

The line at 304cm -1 was present only in samples which both contained B and had

been exposed to a substantial dose of radiation. It increased in strength with radi-

ation dose but its strength showed no correlation with the strength of the lines aris-

ing from B impurity on Ga sites, suggesting that it originated from a B impurity com-

plex. Due to the presence of the adjacent line at 299cm- I induced by radiation damage,

it was difficult to measure the strength of the 304cm - 1 line accurately. However,with-

in experimental error, the strength of the line at 304cm-1 increased linearly with the

strength of the local mode line at 850cm - which arises from the B impurity complex

designated B(l)(7), suggesting that the 304cm - I line also originates from B(l). The

other lines observed in this region(264 and 283cm-1 )were found to be sample dependent;

however, due to the weakness of these lines and the limited availability of samples )
it was not possible to make assignments.

Observations such as these of different modes of vibration of impurity or dam-

age centres can be of considerable value in the correct formulation of theoretical

models as opposed to the conventional attempts to adjust model parameters to fit

local mode measurements.

We wish to thank Dr. D.R.Wight of RSRE(Malvern) and Mr. B.H.L.Wilson of Plessey
Research(Caswell)for supplying GaP samples, Mr. A.Holman for help with electron
irradiations and the Science Research Council for financial assistance.

References
1. Hayes W., Macdonald H.F.and Sennett C.T., J.Phys.C:Solid St.Phys.2, 2402 (1969).
2. Thompson F.and Newman R.C., J.Phys.C:Solid St.Phys.4, 3249 (1971).
3. Gledhill G.A., Kudhail S.S., Newman R.C.and Zhang G.Z., Int.J.of Infrared and

Millimeter Waves. (In press) (July 1981). 1

4. Kunc K., Balkanski M.and Nusimovicl M.A., Phys.Stat.Sol.(b)72, 229 (1975).
5. Glejill G.A., Angress J.F., Brozel M.and Newman R.C., Proc.Int.Conf.on Lattice

Dynamics, Paris, Flammarion. (1977)-
6. Newman R.C.and Totterdell D.H.J., J.Phys.C:Solid St.Phys.8, 3944 (1975).
7. Nadeed J.and Newman R.C., J.Phye.C:Solid St.Pys.14, L345 (1981).

I ____I



JOURNAL DE PHYSIQUE

Colloque C6, suppldrent au n°22, Tome 42, ddcembre 1981 page C6-688

RESONANT ENHANCEMENT OF THE RAMAN LINEWIDTH OF PHONON MODES INDUCED BY

HYDROSTATIC PRESSURE
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Abstract.- It is shown that, under special circumstances, the pressure can
induce in the RAMAN spectrum of a compound, a resonant variation of the
linewidth of modes.
This effect can be interpreted by a model which then provides the value of
some third order deformation potentials of the crystals.

The effect of the hydrostatic pressure on the phonon modes linewidth of semiconduc-
tors is studied. Under special circumstances this linewidth exhibits a resonnant
behaviour as a function of the pressure. Two experimental evidences of this effect

are shown in the Cu 3VS 4 and ZrS3 compounds. This effect is explained by the evidence,

induced by pressure of a single phonon mode and a double phonon structure.

The quasi harmonic approximation introduces a complex self energy, A + ir. A, a small
shift of the harmonic frequency and r the linewidth characterize the anharmonicity.

Two different kind of processes involving either virtual or real transitions contri-

bute (1 ) to this self energy. Among them, only those which deal with real transitions
give a contribution to r. The simplest diagram of this kind represents the decay of
a single phonon w in two . The pressure cannot induced by itself any transitions

between the different states of the system. Then it is expected that pressure acts

directly on A but not on r. This is confirmed by the majority of experimental results.

However the inspection of the formalism which gives r for the process described

above, shows that the expression can become resonant when &j is closed to w1 + 2"

Two examples of such a resonance have been studied in our laboratory, by performing

Raman scattering experiments in diamond anvil cells.

The first one is that of the A mode of the Cu VS (Figure 1). Around 20 kbars
1 3 4 Fgr

the energy on the A mode equals the sum of the energies of the two lower F2 modes

and the inewidth r exihibit a resonant enhancement. The figure 2 shows the example
of the highest frequency Ag mode of ZrS 3 which coinside with 2 ag modes. Notice the

concomittent variation of the frequency in both cases.

1~~ 
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. ,gure I Variation of the linewidth (a) and
S4Athe frequency (b) of the A mode of Cu3VS4 as

- -a function of the pressure.

=0 K

(b) The theory of the coupled Raman scattering

can be performed exactly and shows that if

VI represents the strength of the first

order Raman effect, V that of the second
2

3M order Raman effect and W the coupling

0 20 0 104 GDbetvese them, there are two diEfeerent regimes:
when - <<- the enhancement of the line-

V 2  2

3 00 width occurs without any noticeable asyme-
(a)(a) try in the obba;:ved peak. This is the case

+for+h two exaples we are dealing with.
4-1 o

, If - << - the asymetry is effective
+ T 2 2

5and explains probably the line shape of the

4 TO mode of GaP. In the absence of such an

b) asymetry the experimental results on r can
5W -be easily interpreted and fitted by the

+ expression

3r(to (P)) = _L 2 b (n, + n 2 + 1) x

Plkber) y + b (w -w--w 2 )

X"gu. Variation of the line- (W 2 +
width (a) and the frequency (b) 1
of an Ag mode of ZrS 3 as a func-
tion of the pressure. * characterizes the strength of the anhar-

sonic potential for this process, y the width of the double phonon structure and b

the asymetric parameter for the density of states of the double phonon structure.

y, r and b are fitted to reproduce the experimental variation of f (fig. Ia and 2a).
When the fit is correct, the Kramers Kronig transformation of this analytical

expression should also fit the variation of the frequency (fig. lb and 2b). It is

also checked that by symetry the single phonon wo can decay into the two phonons

W + w and eventually that this double structure is experimentally seen indepen-

dently which is the case for Cu 3VS4 with infrared and for ZrS3 with Reman
(3)

scattering experiments .

• • e I ,J d I I .
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5,-4 4 -4We obtained for Cu3VS 4 #=1.2 10cm b= 0 and for ZrS 3  4 10 c b- 0,45
y being in both cases of the order of the sun of the individual linew~dth of each

phonon. The important result is that # is found practically pressure independent.

We think that the surprising large variation of # with pressure found for GaP( 4 )

where the same model was tentatively applied to reproduce the experiments is just

due to the fact that this model should not reproduce the situation for GaP where

the asymetry of the lines is very well defined.
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THE ROLE OF PHONONS IN INCOMMENSURATE PHASE TRANSITIONS

R. Currat
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Abstract.- The various classes of incommensurably-modulated solids are reviewed
with particular emphasis given to the case of insulators. We discuss examples
of incommensurate ordering transitions of the displacive and order-disorder
types. Below the ordering temperature, the concepts of amplitude and phase
susceptibilities are recalled. Neutron evidence for propagating phase modes
in biphenyl and ThBr4 are presented.

I. Introduction.- Over the last few years, there has been a growth of interest in

incommensurably modulated structures and much effort has been devoted to the charac-

terization of their static and dynamical properties. Typically, incommensurate

structures are stable over a temperature interval bounded by an upper ordering

temperature T. and a lower "lock-in" temperature Tc. Below Tc the wavelength of the

modulation locks onto some rational fraction of the underlying lattice periodicity.

Deviations from the above prototypical behaviour are numerous : some systems remain

in the incomensurate state down to OK (e.g. BaHn 4 ), others undergo a succession

of lock-in and unlocking transitions (e.g. thiourea).

The two transitions, at Ti and Tc, are markedly different in nature : while

the transition at Ti has a well defined order parameter and a corresponding diver-

gent susceptibility, the lock-in transition is either strongly discontinuous (no

order parameter) or may correspond to the disappearance of phase defects, depending

upon the syumetry of the soft-mode dispersion around the commensurate wavevector
(1 .2 )

In what follows we shall be concerned with the dynamical behaviour of systems near

their urdering temperature; this is where one expects to observe soft-modes and

consequently, this is the regime which experimentally has been most extensively

investigated.

From a microscopic standpoint it is important to distinguish between the two

different types of ordering mechanisms which occur in low-dimensional metals and in

insulators. In the former case, the incommensurability of the charge density wave

(and of the associated lattice distortion), reflecti the incommensurability cf the

Fermi wavevector, arising from non-stoihiiemtry (as in KCP), charge-transfer (as in

TTF-TCNQ) or just energy band structure (as in the transition metal dichalcogenides).

In spite of their electronic origin, Peierls instabilities do give rise to

lattice dynamical precursor effects, usually observed as a loeal softtming of the

longitudinal acoustic branch, in the vicinity of the ordering vavevector 2 ty.

________,_________,_"____________"_"_...... .__ ________
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In the case of insulators, a case which shall be emphasized below, the incomen-

surate ordering must be viewed as originating either from an intrinsic lattice dyna-

mical instability (displacive limit) or from some collective ordering mode (order-

disorder limit), both of general wavevector.

2. Soft-mode behaviour above T..- The 129°K transition in K2SeO 4 is one of the best
(3) 1

documented incommensurate transition of the displacive-type. Above Ti, the soft

branch, shown in Fig. 1, displays a broad temperature-dependent minim in the vici-

nity of I am . In the incommensurate state the modulation wavevector, equal to O.31a3
at Ti, increases steadily upon cooling and eventually locks onto the comensurate
value .- at Tc a 93 K.

Within this soft-mode picture the incommensurate ordering transition appears

simply as a natural extension of the conventional ferro- and antiferrodistortive

transitions. In fact it is well-known that in the presence of competing interactions

of different characteristic ranges, phonon dispersion curves may develop local minima

around arbitrary wavevectors. Furthermore the exact pocition of such minima does not

in general provide any direct insight into the nature of the competing forces.

As an alternative approach one may inquire whether there exists particular

symmetry criteria associated with the occurrence of modulated phases. For instance,

many modulated phases originate from non-symorphic space groups where most of the

special zone-boundary wavevectors are ruled out as possible candidates for a lattice

instability on the grounds that they do not fulfill Lifshitz's criterion. In phonon

language, this criterion reflects the fact that modes propagating in high-symmetry

directions experience a pseudo-periodicity which is shorter than the lattice perio-

dicity. This leads to the absence of gaps at the corresponding zone-boundaries, i.e.,

in a reduced zone scheme, to pairwise degeneracies of the zone boundary modes. Since

the merging phonon branches are no longer constrained to have a zero slope, any xone-

boundary phonon softening leads first to the appearance of a modulated structure,

with a wavevector close to the high-symetry zone-boundary point. This type of mncha-

nism is illustrated by systems such as (NH4)2BeF4 
(  and biphenyl(5 ). On the other

hand it fails to account for the occurrence of modulated phases with wavevectors
close to q -O, as in aO (6) or

Thiourea(7), and alternative mechanisms

have been proposed (8,9), based on two-
45

1 b)(q) ~mode interactions.

)ig. I Dispersion of 12,I soft mode

branches in K26eO4 in an ex ended zone
schme (after ref. 3).

g.in reduced units
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In the specific context of ionic crystals, it is customary to distinguish

between long-range Coulomb interactions and short-range overlap forces. Thus the

requirement of competing interactions of different ranges would sam to be systema-

tically fulfilled in the case of ionic crystals, with some potential insight

to be gained by means of conventional lattice dynamical modeling. Following this

approach, lHaque and Hardy (10) have investigated the microscopic origin of the

K2 SeO4 soft-mode. To this end they have constructed a rigid-ion model of K2 SeO4 where

the (numerous) short-range force-constants were determined using static equilibrium

conditions as well as some observed Raman frequencies. On the basis of their model

they were able to reproduce the soft 12-branch in the [I,O,0] direction. The soft

branch frequencies, however, were obtained as differences between two very large

terms (with almost identical q-dependences), representing the Coulomb and short-

range contributions to the dynamical matrix, respectively (see fig. 8 in ref. 10).
am

Because of this large cancellation effect the soft mode minimum around 3- appears

as accidental and no simple physical picture can be drawn from the model. Obviously,

what is needed is a simpler model system.

Before closing this section, one should mention the existence of systems under-

going incommensurate order-disorder transitions as illustrated by NanO2 (6). Above

164*C, the structure of NaNO 2 is disordered with respect to the orientation of the

NO2 groups (parallel or antiparallel to b). Between T. = 164 K and Tc - 162.50C a

modulated structure appears, characterized by the onset of an orientational probabi-

lity wave. The wave appears to be essentially sinusoidal, with a wavevector varying

smoothly (11) between a and 1 " Ymada and Yamada (12) have shown that dipolar

interactions between NO; groups would, by themselves, favor a polarization wave of

wavevector L.- . This value represents a compromise between ferroelectric and

antiferroelectric interactions between neighbouring dipoles. The observed value of

the wavevector results from an additional compromise between dipolar forces on one

hand and short range overlap forces on the other. Yamada's model is however not

unique and a rather different picture, based on 2 coupled order parameters (polariz4-

(13)
tion and shear waves) has also been proposed

The ordering transition at Ti is characterized by a critical slowing-down of

the polarization fluctuation and no soft-phonon is observed as is typical for order-

disorder transitions.

Finally one should emphasize that just above the ordering temperature, the

dynamical behaviour of displative systems is known to deviate from the simple soft-

mode model. Due to coupling with defects the Puaai-harnonic soft-mode %requency is

expected to level off while a narrow quasielastic ("central") component develops.

Ealperinand Varma ( 1 3 ) have investigated the consequences of this coupling in cases

where the defects are slowly relaxing as well as for frozen defects. In addition,

Imry and Us ( 1 4 ) have pointed out that in systems where the order-arameter has

continuous symmetry (e.g. the Heisenberg ferromegnet) the presence of frozen

4 ii .-:
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impurities is such as to destroy long range order at any temperature. This remark

is of particular relevance here, since the incommensurate order parameter has conti-

nuous phase symmetry and since local defects, whether relaxing or frozen in the

Halperin and Varma sense, will to some extent behave as frozen defects. Indeed any

defect whose energy depends upon the local amplitude of the distortion will either

diffuse towards a region where this amplitude is optimized, or alternatively distort

the phase of the wave. As a result the modulation may loose its long-range phase

coherence, a situation which may seriously affect the propagation of long-wavelength

phase modes below T.. Analogous arguments (15) have been developed in the context of
charged impurities interacting with a CDW.

3. Excitations below Ti.- Despite the loss of translational invariance at Ti, there

is experimental evidence for the existence of sharp excitations in the incomensurate

state. At the moment there is no general theoretical framework within which these

excitations may be discussed. Most of the current work is aimed at clarifying the

way in which the soft branch renormalizes below T:. Using the simplest kind of

quasi-harmonic approximation, one may readily show(16 ) that the condensation of the

soft mode coordinates Q(qi) and Q(-qi) induces a bilinear coupling between the neigh-

bouring coordinates Q(qi+q) and Q(-qi+q). The near-degeneracy between the latter

coordinates is lifted by the interaction term and in the limit of small q, two new

normal modes emerge

A - (Q(qi+q) + Q(-qi+q))

*q - (Q(qi+q) - Q(-qi+q))
q t2

Expanding the soft-mode dispersion (T > Ti) in powers of q

w 2 (+qi.q) - a(T-T.) + q 7 q + O(Iq13 ) (Ia)

the dispersion laws for the new normal modes are obtained, to leading order in q,

as:

WA(q) - 2a(Ti-T) + q T q (Ib)

2
w,(q) - q A q (1c)

Bruce and CoWley ( 16 ) have discussed the limits of validity of the above picture and

the extent to uhieh the two new normal modes can be identified with fluctuations in

the amplituid and phae of the frosen wave, respectively.

On the aperimestal side many attempts have been made at testing those simple

predictionm. In principle both q w 0 modes may be observed by means of light scatter-

ing. Mile tis would soa fairly obvious in the case of the (totally symetric)

amplitude mode, a rther more careful analysis is required in so far as the Brillouin
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activity of the phise mode is concerned( 17) . In practice attempts to observe the

smplitude mode by Raeman scattering have been generally successful, whereas Brillouin

measurements of the phase mode in systems such as K2SeO4 and BanF4 have yielded

negative or controversial results 18 .19). Fortunately there are at least two systems

in which a propagative phase mode could be observed by means of inelastic neutron

scattering.

fThe first such system is deu-

0-C terated biphenyl, a molecular

* crystal which undergoes a dis-

ww-.W. placive transition at TI - 38K

into a modulated structure,

followed by a partial lock-in

transition at T = 21K. The

best inelastic results (20 ) have

been obtained in phase III

A ,(below TI), where the wave-

____,______vector of the modulation is

equal to b(I - 5)bR with

8b 0.07.

Fig. 2 Energy scans for different reduced
wavevectors along 0 in phase III of biphenyl
(after ref. 20).

Fig. 2 shows some of the observed spectra as a function of wavevector in the aN

direction. The observed excitation is unambiguously identified as a phason since :

i) its intensity is too large for it to be an acoustic branch originating from

the (2, 0.536, 0) satellite reflection.

ii) its slope is lover by a factor % 2 compared to the slope of the lowest energy

acoustic mode propagating in the at-direction, and agrees well with the corres-

ponding soft mode dispersion above Ti (cf. eq. Ia and Ic).

The other system is Th~r4 which has a tetragonal (D19) space group in the high-

temperature phase (cf. Fig. 3) and becomes incoemensurate (21) below Ti = 95 K, with

the modulation wavevector along the 4-fold screw-axis

qi - 0.31 c I

qi is found to be independent of temperature and no lock-in transition was detected

at least down to 101. Above Ti, one observes tmperature-ependent softening of a

low lying optic branch (see Pig. 4).

The analysis of the room temperature infra-red and Ramean spectra together with

the satellite reflection extinction rules, allow the sysmetry asaignament at the

soft optic branch (4 in Kovalev's notation) to be me. The soft-mode eigermector

consists of a simple linear combination of Slo-type and 3 2-type bromine notions,

[ i I ! " l:Gooi,
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the Thorium ions remaining at rest. Thus, while

the high-temperature structure can be character-

ried in terms of only 3 parameters (c/a ratio,
* | x and z coordinates of one Bromine ion), the

description of the ionic displacements below Ti,

in the single plane-wave approximation, requires
only 3 additional parameters (wavevector, ampli-

4 tude and BIu/A2g ratio).

Fig. 5 shows inelastic spectra obtained at

16 81 K near the (2,3,1-qi) sateJite reflection.
The lower branch is too intense by 2 orders of

0 magnitude to be of acoustic origin. F ig. 6 shows
the experimental dispersion curves, which

Fig. 3 :Structure of ThBr4 at s nummarize the 81 K data. In both propagation
room temperature, directions, i.e.[OO,]and [2& , 3 , 0], the

observed slopes are in excellent agreement with

the soft mode dispersion above T.

oT.iSOK

tcown

LA T

Fi.4 Soft mode dispersion
in Thr 4 -

• 14.0 T 1 K III-%)-

Fi.5 Constant Q-scans for
wevevectors along em (Tlar4; 81 K)

6 : Phase and amplitude mode
Spsionuin ThBr4 . Acousticmodes measured ner (2,3,1)

are sbh for compariton.

_ __

A / VA
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Fig. 7 shows the evolution of the spectrum at

tV.2,.s, .l~ (2,3,1-qi-E), with g - 0.12, as a function of

fA I) e'"temperature : whereas the upper mode frequency

\ hardens upon cooling, as expected for an

Samplitude mode, the lover mode remains essen-

-l " tiallY unchanged both in frequency and strength.

.a 4. Conclusion.- While the dynamics of incammen-

surate phase transitions is rather well under-

+ - sK stood above Ti, many questions remain open

regarding the nature and observability of the

tm~ture safu 1 soft excitations below Ti. One of the importantunsolved questions concerns the role of defects

and the way in which they affect the phase
-ww c " y [. coherence of the incommensurate wave. By analogy

with the Heisenberg ferromane (23). where long-

Fig._7 Inelastic spectrufm wavelength agnons are found to be most affected
at (2,3,0.57) as a function by the lack of long range order above the Curie

f tpoint, we expect long-wavelength phasons to be

the most sensitive to the lack of long-range

phase coherence
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ARE PHASONS IN BIPHENYL DETECTABLE BY LIGHT SCATTERING ?

H. Poulet and R.M. Pick

Ddpartement de Recherches Phjsques, Laboratoire aseocid au C.N.R.S. n071,
UniversitJ P. et M. Cuie, 75000 Paris, France

Abstract.- Phenomenological Raman tensors for phasons and ampli-
tons in the incommensurate phases of biphenyl are derived. The
former are shown to be negligibly small when compared to the
normal ampliton.

1. Introduction.- Biphenyl crystallizes in the P21/a space group. At

Ti - 38K , a displacive second order phase transition leads to an in-

commensurate structure (Phase II), characterized by a distortion with

wave vectors ± qj -± Ikb*(l-6b)+ * Sa and/or ± o2 -±qj ; , 6a.

The distortion along £* locks in (Phase III) at 21K , but that along

b* never does. An acoustic-like phason has been detected in phases I

and III by neutron scattering' but only the corresponding ampliton(s)

have been seen by light scattering, even far below Ti . We shall show

that this negative result for the phason2 is predictible from intensity

considerations.

2. Light scattering in displacive incommensurate phases (summary). -

The theory of light scattering by amplitons and phasons has been

recently developed 3 for the case when the star of q0, the static 4
modulation wave vector, contains only ± qe . The basic idea is that
Ie t order Raman scattering in the incommensurate phase can be viewed as

the continuation of a high temperature 2 nd order process involving the

two soft phonons at 9.* and - , one of them becoming, below Ti

the static distortion (with amplitude n). The starting point is thus

the corresponding Raman tensor R 0 )where j labels the soft

phonon, with normal coordinate , in the vicinity of ± q9

Taking into account the symmetry properties of the ampliton and phason

eigenvectors, as well as the temperature variation of the frequency of

those excitations, the light scattering intensities turn out to be

proportional to i R for the ampliton, and a'i(q) I]
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for a phason propagating along 4 ; the symmetry of the preceding

tensors are those of second and third rank tensors in the group of qo.

3. Application to biphenyl. - The precedinr theory directly applies to

phase III. One must extend it, in phase II, because the star of q0

contains four vectors. One starts from

F (JQJ J2 2  
j j + j ) + j 2

Q3 j 2
q1 q2 4 q1 q2 q1 q2

with w = 2(T - Ti). For T < Ti , two different phases are possible

(cf. Table). Extending F in the vicinity of ± q, and ± q2 , one

obtains the dynamics of the four lowest frequency excitations:

- if 4y 2 > 82, the distortion involves only qj(or q2); one

phason and one amplitou are 1et order Raman active, while two degene-

rate modes, localized around %2(or 51) are only 2nd order Raman

active.

- if 4y
2 < B2, the distortion involves %I and q2 ; it exists

two uncoupled phasons and two coupled auplitons (cf. Table). The un-

coupled phason and ampliton Raman tensors are the same as above, but

they involve now qj and 52 , and, when 4.-2 < 82, the coupling

between the amplitons must be dealt with. As qj and q2 are in the

vicinity of b*/2 , one may expand these tensors in series of 6 and

take into account the C2 h symmetry of b*/2.

The final results appear in the table. For both phases, the

phason teusors are proportional to some cartesian coordinate of 6

(expressed in reduced units) as well as to 71 : this leads to

integrated intensities typically smaller by a 62 factor than that of

the normal ampliton, while d 4 0.08. This factor becomes 64 when

c' -paring, for 4y 2 < 82 , the two amplitons.
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q, q2 Eigenvectors and Raman tensors

Aqj v qI I Qj Qj

282 2 -q22 II I S

2 >_ 4 T' 04 I I

R A' A4 Y6, A A' R. . , ,
- '~ I I

A q + Aq2]- Aql Aq2 J , qj Vq2
2I Iy2 82 n

R.. B 616 na
: Rtp ', s ab ab anB yt ~

A101 1 L

Table. Phases II and III low frequency excitations. First two
columns: static distortin amplitudes in phase II for 51and
Last four columns: eigenvector for each excitation (above) and
corresponding Raman tensor (below). The same results for the phase III
excitations appear in the lower part of the table

Here IQ Q B' EE

IIA e indicaes I orde Rama socaterung. Echtatensor belost to th
ouny rerstation softhe ampitde p in gophae. or
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DYNAMICS OF INCOMMENSURATE PHASES IN BIPHENYL

H. Cailleau, F. Moussa , C.M.E. Zeyen and J. Bouillot

Group. de Physique Cristalline, E.R.A. au C.N.R.S. n 0 070015, Universitg de
Rennes, Campus de Beaulieu, 35042 Rennes Cedex, France

*Laboratoire Ldon Brillouin, C.E.N. Saclay, 91191 Gif sur Yvette Cedex, France
*Institut Max Von Lau&-Paul Langevin, B.P. 156 X, 38042 Grenoble Cedex, France

Abstract An excitati presenting the characteristics of a phason has been
observed in the incommensurate phases of biphenyl using a cold source triple-
axis neutron spectrometer.

Dynamics of incommensurate phases are expected to display a number of novel featu-

res. As a 4.onsequence of the continuous broken phase symmetry new hydrodynamic-like

excitations appear, the phase modes or phasons, with a vanishing frequency in the long-

wavelength limit. In this paper we report upon the observation by inelastic neutron

scattering of excitations in the incommensurate phases of biphenyl which exhibit all

the characteristics of a phason.

Biphenyl undergoes a displacive structural phase transition due to a molecular con-

formation instability with respect to a torsional angle between the planes of the phe-

nyl rings IP*21. In the high temperature phase, the soft mode is located around the B

(0,1/2,0) zone boundary point. The space group P2 1/a is non-symnorphic and at the B

point the Lifshitz condition is not satisfied : two torsional modes which are degene-

rate at the zone boundary come in with opposite but finite slopes I', 3e On the lower

soft phonon branch the minimum is away from the B point. In fact, two low temperature

incomensurate phases are observed in biphenyl I' . In phase II, which exists between

T - 21 K and T, - 38 K (deuterated sample), the wave vectors characterizing the in-

commiensurate modulation are t= 6 a 1S _ 1/ 2 (1_6b) s (fig.1) ; no higher-order sa- 4

tellites could be observed in this phase. At TII, a partial lock-in phase transition

in the a- direction takes place and below TII the satellite location becomes

9 - 1/ 2 18b)b- (fig.1) ; in this phase III, we have been able to measure higher-
order satellites up to third-order . The variations of 5 a and 8b with temperature

M40 101 are small ; 8 lies between 0.04 and 0.05
40. a

----- ...... --- --........ , (phse 11) and is zero below TII, while b

falls in the range 0.07-0.085 (phases II

and III). unlike many other insulating mate-

rials, the biphenyl incomensurate modula-

tion subsists at least down to 1.6 I. This

, n .i I Location of satellite reflections
in the Incoensurate phases of biphenyl.

P KASE iI PHASE 1
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static behaviour is in agreement with the anisotropic shape of the soft mode disper-

sion surface % the minimum is well pronounced in the direction while in the '5 di-

rection the dispersion curve is flat 11. 2 1. It is also interesting to rwctice that the

soft mode becomes overdamped only close to the transition temperature.

The study of the dynamics of the incommensurate phases was performed on the triple-

axis spectrometer IN 12 installed at the cold source of the ILL.

We have observed low-energy excitations in phases II and II 11. Figure 2 shows

energy-scans for different reduced wave vectors q along the a direction, near a sa-

tellite reflection at 10 K. The inelastic peaks are well measured both for neutron

an
TOOK 0

Ajm.83A
Se*-3W3-$r-Vr I
(2-1 ,MN.0)

U V (TN,)
- I

Fig. 2 Xnergy-scans for different reduced wave vectors q along the 0 direction
in phase III (10 K).

energy-loss and energy-gain. The dispersion of this excitation is found to follow a

linear law originating at the satellite reflection with a slope much lower than that

of the lowest acoustic modes. The different sound velocities have been obtained from

low tamperatre Brillouin measurements 1S1. in addition, the figure 3 shows energy-

scans performed under the same experimental conditions and corresponding to the same

reduced wave vector, but one near a satellite reflection and the other one near an in-

tenoe main Bragg reflection. The difference between the excitation and the transverse

acoustic mode is clearly seen. Moreover, the observed dispersion slope looks within

experimental uncertainties idemtical to that of the soft phonm branch in the high

temperature phase (fig.4). In the be direction an ambiguity subsists because both

slopes are similar to that of an acoustic branch. Nowever, the observed intensity of

inelastic peaks is much too strong to be related to an acoustic Ihenon scattering but

is in agreement with that Observed in the ; direction.

All these features strongly suggest that the excitation we have observed is a jha-

son ; this represents the first direct experimental observation of such a mode.
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" 0-0 0

T -O '-(0% (-0,0O

* '

a.U

V ffrO,
10_

:A L

-0.3 -0.3 -0.1 l Na

Fig. 3 Inelastic peaks near a satellite
reflection (below) and a main Bragg reflec-
tion (above).

The experimental energy range limited by

the use of cold neutrons did not allow us omnar U 8s

to observe the amplitude mode which frequ-
cy houd b hiheraccrdig I) te Rman Fig. 4 Dispersion laws for the soft

cy should be higher according to the Raman mode at 38 9 (above) and the phason at
scattering results 171. 10 K (below). Both scales are homothetic

One reason explaining our observation of a phason in biphenyl might be the fact that

material remains incomnsurate even down to 1.6 K. Thus the experiment could be Per-

formed at very low temperature where the damping is small. Moreover the system must

stay far away from a complete "devil's staircase" regime which can appear on approa-

ching a commensurate lock-in transformation with no phasons at zero frequency I *

1. H. CAXLUM, J.L. SAUDOUR, J. MIflIML, A. DWOIN, F. MOUSSA and C.9.2. WfiM,
Far. Disc. 69, 7 (1980).

2. H. CAIIjAX, Thesis, Univ. Rennes (1981).

3. I. NATKMZCA3 , A.V. BIELUSKIN and T. WASIUTYNSK' .iys. Stat. Sol. 105,
413 (1991).

4. a. CLMAU, P. "DWSS and 3. , olid State Com. 31, S21 (1979).

5. a. CAnfXlI.U, F. NOUSA, C.N.E. ZVM .Ud J. BOUMOT, Solid State Comm. 33,
407 (190).

6. C. K O4VWT, Tsis, Univ. Remmas (1961).

7. N. mDA, A. 1MM and Y. IBUZ S19 I, 7. Phys. So. .13n 50, 3 (1981).

S. s. AUDIT, in "Seminar on the Dieman Preblem, Spectral Theory sad Cmlete lnte-
grabilitya, G.D. Chadmnovsky od., Lecture notes in mathematics, Springer-Verlag
(IWO).



JOURNAL DE PHYSIQUE

Colloque C6, ,uppUment a n012, Tome 42, d cembre 1981 page C6-707

ON THE MODE SOFTENING IN SnTe AND PbTe

D. Strauch and U. Schr~der

Inetitut fLr Theoetiache Phyeik, Univex'itdt Regeneburg, D-8400 Regensburg,
F.R.G.

Abstract.- The softening of the TO(r) mode in SnTe and PbTe with decreasing
temperature is analyzed in terms of a shell model with a non-Linear polar-
izabitity of the Te ion. The simultaneous stiffening of the elastic constants
drastically influences the results.

1. Introduction.- We have investigated the temperature dependence of the TO(I) mode

frequency in the narrow-gap materials SnTe and PbTe. These modes become nearly soft

at Low temperature.1'2 This is opposed by the overall stiffening of the elastic

constants 3 ,4 with decreasing temperature. Tracing this different behaviour back to

the different quantities involved in the elastic and optical properties one is

primarily Led to the different kinds of deformations of the electronic distribution.
5 6

For example, the phonon dispersion curves in SnTe and PbTe have been analyzed

in terms of a shell model. This model involves the dipolar deformability of the ions

which (at q = 0) influences only the optical frequencies but not the elastic con-

stants. To account for a temperature-dependent polarizability in perovskite crystals

a non-Linear intra-ionic force constant was introduced by Migoni et al. A simpli-

fied model has been discussed in Refs. 8 and 9.

Another indication towards a temperature-dependent polarizabiLity stems from

the shell-model expressions for the LO and TO mode frequencies at q = 0,

= [R6- o) ] Z, / -(I ] "r/v" (1)

with the reduced mass i, effective force constant R1, effective charge Z', eLec-
0

tronic polarizability a, unit-cell volume v= 2r , and I= 1 or -2 for the TO and LO

frequency, respectively. With numbers for PbTe taken from Ref. 6 one finds 3!,= 16.9,

Z' = 0.59, (4w/3v)a 0.91, and thus

2 = 16.9 4 1,0 z 17.9, 2 . 16.9 - 15.8 z 1.1 (in units of e 2 /v).W-LO"T

Thus PbTe (and similarly SnTe) seems to be close te the (electronic) polarization ca-

tastrophe, the connection of which to soft modes was first Ipinted out by Cochran.
10

The fact that a small variation in a has a much Larger effect on 6,TO than on PLO is

in accordance with a relatively weak chang of wLe with temperature in PbTe. 2

2. ,Theol .- In the present came the contribution from the intra-ionic potenttlt of

the To ion is of the form (a * x,ymz)

j - 4,
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kw T! kw T 1 'h (2)

where w is the reLative shelL-core dispLacement.

To first order in the anharmonicityone obtains the renormaLized force constant

k = k2 + I(k +2h )'C 2(3

replacing k 2 in the shell-model equations, in particular in R6, Z', and a in eq. (1).
The brackets < ... > denote the thermal average.

3. Results.- The equations of the shell modeL and eq. (3) have to be soLved self-

consistently. From the observed 12values of (aowe have determined k and 2 as a
function of temperature and have taken their expected Linear relationship, eq. (3),

as a test of the modlel. Indeed, most of the data fall on a straight Line, see Fig. 1

(curves c. const), given by

k= 109.4 ( 1 j(270* 120) -celo a /v for SnTe (T4 100 K),

(4)

k = 37.9(14-10 3) el e /v for PbTe

I 44

k~e /

3S.
20i 10

I.

)134

Ff I... Toot of @%. (3) for SnTo and FbTo with and without taking accoun~t
olotbe temperature dependence of the elastic, constat c Straight Lines
show the fit of the calcutated data qpporing In eq. (3)1  eqs. (4).
bashed tines are guides to the eye. Error bars result from those of t~oas
given in Refsa. 1 and 2. Temperatures T are in K.
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Since the variation of the intra-lonic force constant k turns out to be very

small, it seems necessary to investigate the change of the inter-ionic force con-

stants as obtained from the etastic constants. 34The simpLe procedure of according-
Ly changing, for example, A012), 8(02), and A(11)+ A(22) (in the notation of Refs. 5

and 6) does not seem to be a step in the right direction: The Linear retationship

between k and <w 2> is LargeLy Lost, see Fig. I (curves c..s *const), and the temper-
ature variation 2of (Ta for *=O0.1 (1,1,1) u/a has the wrong sign. Changing another

reasonable set of parameters Leads to similar concLusions.

4. Discussion.- It seems that a very smaLl non-Linearity in the Te polarizabiLity is

abte to describe the TO mode softening in SnTe and PbTe but that there is at present

no model to consistentLy account for the teMerature dependence of the optical and

acousticaL modes. Right now we can only speculate about ways out of the dilemma:

(a) The approximation given by eq. (3) may be insufficient. In the next-'order decay

processes are added which render the self-energy depending on temperature and fre-

quency; they compLicate matters in that they Lead to a non-Local k. Possibly the po-

tential (2) has to be augmented by higher-order terms. (b) The elastic constants and

their temperature dependence may be at Least partially due to deformabilitles not

r contained in the shell model used.5' (c) A microscopic treatment, when interpreted

in shelL-model terms, may Lead to temperature-dependent charges.

Acknowledgements.- We are gratefuL to W.Kress for suppLying us with the shell-model

program.
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PRESSURE DEPENDENCE OF THE COUPLED OPTIC AND ACOUSTIC MODES NEAR THE

FERROELASTIC TRANSITIONS OF LaP 5O1 4

G. Errandonea

C.N.E.T, 196 rue de Pari8, 92220 Bayneux, France

Abstract.- We report a thorough Raman and Brillouin scattering
study, under high hydrostatic pressure, of the coupled soft-optic-
acoustic modes of ferroelastic LaP 5014 in order to clarify the
unusual positive pressure dependence of the transition temperatu-
re : dTc/dp - + 21.75 ± 0.25*C/kbar.

Lanthanum pentaphosphate undergoes a second order ferroelastic

transition (mm - 2/m),at Tc = 125*C at atmospheric pressure,with no
change of the translation syzmetry. This "proper" transition is driven
by a soft zone center optic mode which is linearly and strongly coupkcd

to a soft acoustic mode 1,2,3 The influence of a hydrostatic pressure
on this coupled modes system has been investigated usinig Ravan
(0-2 kbar, 20-200*C) and Brillouin (0-3 kbar, 20-300°C) scattering

experiments.More detailed informations are given in references 4 and 5.
The temperature and pressure dependences of the squared velocity v

and frequency w of the respective soft acoustic and optic modes are !
plotted on figures I and 2.

The main effect of the pressure is to qhift upward the transition

temperature Tc which can be determined with an accuracy of ± 0.5 K or
± 0.4 K fror- respective Raman and Brillouin measurements. On fig.3, we

J~'j~IS,'* BVtnig. :'rL-mpe rature and
F a . pressire dependmeee

of PV of the.soft
lScotlred acoustic mode. Dashed

-line :it of tho,'for-Ligh mula (1) wi h
. '_, 1A - 3.62 jO Nm-2X - 1k,

>. .1 T . gand q= o.0o02 K-1

Continuous line : fit
. of the phencmenologi-

kbwCal model of referen-
cI 3.

I ~ ~ ~ ~ T W_______________________ _______________
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TABLE I. Values9of the coefficients of formulas (1) and (2) used to

fit Raman and Brillouin measurements.

Raman data Brillouin data

(kar) J ( -) (C.-r.) (E) A10814;_2K..) 4Xn) (cm'-2K1)

0 125.6 +*5 19.7 *.2 2.41±.12 125.5±. 3.69±.15 63t8 2.38±-39

1 147.8±-5 19.75-2 2.36±.s 147.4± 4 3.67± - 13  62±- 2.43± .3 5

2 169.2±5 19.8 ±.2 2.39±.22 169.21.4 3.57±o 58±6 2.26±29
3 190.7±. 3.55±10 60±6 2.38±.30

can see that Tc linearly increases with the pressure with a slope

dTc/dp = 21.75 ± 0.25 K/kbar.

This value is significatively smaller than the one obtained by

Asaumi6on NdP5O1 4 (dTc/dp 38 K/kbar) with a less accurate high pres-

sure technique but it is close to the partial Raman measurements per-

formed by Peercy on La0,5Nd0,5P5014 (dTc /dP  18 K/kbar). It also

agrees with the thermodynamic Ehrenfest formula which leads to

dTc/dp = 18.9 K/kbar using the Landau free energy of the transition3
whose coefficients are numerically known

This phenomenological model 3 provides also an interpretation of

our experimental data. In particular v and w,in the prototype phase,

are given by :
Pv = C5 + A(T-Tc (p))/ [I+g(T-Tc (p))] (1)

and 2 = W+a(T-T (p)) (2) with g = a/w 2 (3)

Our measurements have beenifitted to these formulae with the coeffi-

cients given in table I. They appear to be pressure independent or

very slightly so. 8 ~
As noticed by Samara , the positive sign of dTc/dp is exceptional

for a transition driven b a soft zone center optic mode.
A decomposition 8of W between a temperature independent harmonic

FIG.2 Temperature and pressure dependences FIG.3 : Pressure depen-
of the soft optic mode squared frequenoY defoe Of the transition

temperature leading to
dTc/dp- +21.75±OMK/kbar

\ \ _--_-_-

TBfERATBU£ (Ce1 PRESSmgE~.1

III III, ' " ' ' :.q -:"i
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contribution and an anharmonic one shows 4 that the transition tempe-

rature is given by Te = (w - h 2)/a (4)

The negligible pressure dependence of o rules out the role of
the strong coupling between the soft optic mode and the ferroelastic

shear as a possible cause-of this unusual behaviour.
Writing wh as the difference between positive short range inte-

ractions and negative long range ones 8, leads 4 in the most favoura-
ble case to dT c/dp %, +1 K/kbar, an order of magnitude smaller .than the

experimental value.
By contrast, a decrease of only 4.5 %/kbar of the a coefficient

in formula (2) is needed to induce the required shift. Though our ex-

perimental data did not detect any change of a, such a decrease could
be consistent with our experimental uncertainties. Accurate measure-
ments performed at higher pressures are needed to confirm this possi-

bility.
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LATTICE INSTABILITIES AND PHASE TRANSITIONS IN FLUORIDE PEROVSKITES

R. Geick, H. Rauh, N. Lehner , J. Bouillot, W.G. Stirling and G. Heger*

Physik. In8titut Univ.eritat MWrxubg, Rentgemning 8, D-8700 M~arx.urg,
F.R.G.
ILL, F-38042 GrenabZ.e, Faw

IAKI, K,,nforeohumgsentl wn, D-7500 Yb, emae, P.R.G.

Abstract

One of the main differences in the physical behavior between K0nF3 and KZnF3
is that the former shows structural phase transitions while the latter does
not. We have measured the phonon dispersion of both materials by means of in-
elastic neutron scattering at room temperature. In addition, we have found an
anomalous temperature dependence of the R; and M2 modes in KZnF3 , which are
the modes softening in the phase transition of 0?4nF 3 . This result indicates
that there is a tendency towards a phase transition in all fluoride perovs-
kites and favours the model of the displacive character of this phase tran-
sition.

We have measured the phonon dispersion of the fluoride perovskites KNF 3 and KZnF 3

by means of inelastic neutron scattering at ILL, Grenoble, France and at Kernfor-

schungszentrum Karlsruhe, FRG, at room temperature. Our results are shown in Fig. 1.

The experimental data are analyzed and completed by lattice dynamical shell model

calculations. Our model was originally develloped by Cowley /1/ and Stirling /2/. The !
number of adjustable parameters could be reduced to 6 by

1. keeping the ionic charges fixed to ±e, +2e, respectively;

2. making use of the electronic polarizabllities given by Tessmann et al. /3/;

3. calculating the force constants of the short range interaction between K+ - F" and
F- F" by means of interionic potentials /4,5,6/.

We would like to point out that a good fit could be obtained with physically reason-

able values for all fittin mr:mtrs:
shel -core force

short range force constant (N/in) 'shell charge (e) constant (N/rn)X-F V* - e F K Mie,
A t 81 A2 2  A 3 83

nF! 3 12.15 -1.121 ,63.3 -22.3 1.12 0.23 -4.88 -4.62 -. 450 3soo 1640
keF~l 17.09 -1.64 181.1 -23.8 2.41 0.20 -4.89 -2.51 -2.43 4540 10690 1670

Measuring the phonon dispersion of Mf 3 and KZnF3 , we have provided an experimental

basis for further theoretical considerations concerning anharmon"t effects. In this

context, theoretical work on phase transitions is of special interest, for example
the contribution of hard and soft phomn modes to the Ran cross section of btlan

active herd Modes which have been used to study precursor order In W6F 3 /1,/.
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Fig. 2: Temperature dependence of the squared frequency
of the R15 mode in KZnF 3.

of the R 5 mode approaches zero at the phase transition temperature, while it would

approach zero for T< 0 in KZnF3. This shows that there seems to be a tendency towards

an instability against octahedra rotations in all fluoride perovskites regardless

whether they undergo a phase transition of not. This result confirms the displacive
character of the phase transition.
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LOCK-IN TYPE PHASE TRANSITION IN KFeF4

A. liaciel and J.F. Ryan

Clarendon Laboratory, University of Oxford, Oxford, U.K.

Abstract. - The Raman spectrum of KFeF4 reveals a low frequency phonon which
softens as the temperature is raised towards a phase transition near 390K.
Whereas the softening is incomplete the intensity decreases continuously but
rapidly near Tc and the mode is not observed at higher temperatures. A
symmetry analysis shovs that it may be a lock-in type transition.

Kipe 4 has a layer structure composed of sheets of corner-sharing Fey6 octa-

hedra separated by K7. The structure is related to the tetragonal TlAlF 4 structure

but differs from it in that the stacking order along c shows alternate layers dis-

placed relatively by b/2. These structures are of great interest from a dynamics

point of view because of their intrinsic instability against librational modes of the

FeF6 octahedra. For example, CsFeF shows a series of cell-doubling phase transi-
6- (1) (2)tions involving staggered rotations of the FeF6 groups . Heger et al have found

that at ambient temperatures the octahedra in XFeF 4 are not fully aligned but are

tilted about b to give the orthorhombic D2 h (Amm) structure shown in Figure 1.

Recently, Hidaka at al 3 found an additional superlattice caused by rotations of

the octahedra about a and staggered along b; this structure is no longer centred and
13

the space group D (Fm) was proposed. A second-order transition between these

two phases was reported to occur at Tc=368K( 3 ). In this paper we present Raman

scattering evidence for this transition and discuss a classical Landau model which

shows that the transition is an example of a lock-in type between phases which would

-.A - otherwise be separated by an incommiensurate phase.

0 Raman spectra were obtained from small flux-
X 0 0grown samples over a range of temperatures up to

0 p500K, above which surface degradation occurred.

0 ' At room temperature the spectrum is found to be

0 considerably more complex than that expected from
0 17

0 the Dh structure, but the data are insufficient

to test the D2 h proposal. Very intense features

at 210cm and 220cm- can be assigned to uniform

librationeal modes of the FeF6 groups about the b

Fig. I: High-tesperature and a axes respectively. At lower energies we

structure of MOY. observe the spectrum shown in Figure 2. The

. , i I i " f I
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105 cm- I line, which appears strongly ia aaia
C3Kand acc spectra, is not very temperature

361. dependent; it is observed quite clearly

above the transition and is apparently not

involved in the transition mechanism. The

7) lowest energy line, which is also strong in

Sa& and a c spectra, is not very temperature

/ dependent, except that near 390K its inten-

sity decreases rapidly and it is not obser-

ved at higher temperatures. The third mode

which appears in abb, is highly temperature

dependent as shown in Figure 3; near T ',

(Tc - 20K) it merges with the lowest line,

and as T is approached both lines disappear

TO15MK rapidly but apparently continuously. An

interaction between the two modes is expec-

.ted on symmetry grounds, but we observe

60 30 neither a clear transfer of intensity between
FKNCYm Imodes nor a strong level repulsion. These

Fig. 2: Temperature dependence of theOtsetu fKe effects my howvere occur very close to the0 bb spectrum of VFeF4 .

transition where we are unable to resolve the modes clearly.

The change of symnetry which occurs at Tc is consistent with a phonon insta-

bility at the critical wavevector k = (1,1,o). The star of this vector has two
--c

components, ± kc , and the order parameter has two components: Q, = Q2 - (A// expi#
where A represents the amplitude and # the phase of the structural modulation. The

thermodynamic free energy for this system can be expressed in terms of A and # as:
C = C° + ja(T-T c)A

2 + + vA4 (cos4#) (1)

where we have included only terms up to fourth order in A. Applying the usual sta-

bility criteria leads to the following set of structures for T < T :

v - 0 . nw/2 (n - 0,1,2,3)

v > 0 - (2n+l)w/4 (n - 0,1,2,3)

There are two distinguishably different structures; the solution v < 0, *n = 0 co-
13 (3)

rresponds to the proposed D2h structure

The frequency of the doubly-degenerate soft-mode obtained from (1) is:

wo  - X - a(T-T), T > Tc (2)

In the ordered phase the frequencies are:-

2 -I (3a)wm - X5 in2a(Tc-T), T(<Tc (a
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WA 
2  

= 1 X
-
1 = -4va(Tc-T)/(u+v), T < Tc  (3b)

w# appears in the A spectrum; w. transforms as B2u and is not Raman active.

Since the critical wavevector

does not lie at the zone centre or

the zone boundary there is no symmetry

condition requiring the soft mode

dispersion branch to have a minimum

at k = k. For a second-order phase 860
"

transition this minimum will in gen-

eral he close to k so that an in- .

comensurate phase occus; at a lover

temperature locking-in of the criti-

cal wavevector to k may occur. In

KFeF 4 there is no evidence for an in- 2WTEMPERATUEW 4W)

termediate incommensurate phase (al-

though there is a difference between Fig. 3: Temperature dependence of the low fre-

the values of T obtained here and in quency phonons in KFeF4 .c

(3)). In this sense the transition in KFeF 4 can be regarded as a direct locking-in

to the comensurate phase. This requires the fourth order Unklapp term, v, in (1)

to dominate i.e. Ivl>u, which causes the transition to be first order. The data

presented here suggest that the transition is sharp although possibly continuous.
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GRUNEISEN PARAMETER AND DEFORMATION POTENTIALS OF RAMAN ACTIVE MODES

IN RUTILE STRUCTURE COMPOUNDS

J. Pascual, J. Camassel* , P. Merle* and H. Mathieu*

Univer8itat autnoma de Barcelona, Bellaterra, Barcelona, Spain

universit4 dea Sciences et Techniques du Languedoc, C. K. E. S., U.S.T.L., 34060
Mant peZlier-Cedex, France

Abstract. - We report a systematic calculation of the shear deformation poten-
tials and mode Gruneisen parameters associated with the first order Raman
active modes of XO 2 and YF2 rutile compounds.

Many XO2 dioxydes where X stands for Pb, Ge, Sn or Ti and YF2 difluorides with
Y = Mg, Mn, Zn, Fe, Ni or Co crystallise in the rutile structure. Usual selection
rules show that r (A1 g), r3 (Big), r 4 (B2 ) and r (E ) lattice modes are first-order
Raman-active. Their energy is given by the aynamica g

equation

2vm
2 ' Ri+Q (1)

e

Ri corresponds to the ,3hort range interaction and includes bond stretching and
bond bending effects (1), while Q sumarizes all Coulomb contributions. Various
experiments associate to r (B) a soft-mode behavior. In an attempt to understand
this softening we undertakin ogTiO 2 a series of experimental studies under uniaxial
stress(l). We completed this by theoretically computing all deformation potentials
associated with the sy-etrized component of the deformation tensor (2)

e R + 2 ) I (e, +
I - -Iy2) + +i

al 5+ + b +zz c (exx -e )+d

The results showed that the softening of the r_ (8) Raman-modes comes
directly from the angular displacement associated with his .sure rotation mode. Using
a simple rigid ion model (RIM) and neglecting the stress induced change in the long
range Coulomb interaction, one computed for TiO deformation potentials in qualitative
agremnt with the experimental data (2). 2

In this work-we extend the experiments to W2 and report naw calculations
performed for Ng #Nn ., Z , CoF 2 , TiO , SnO2 and GeO. All results are sumarized
in table 1. In orlkrto'rend the c ason meaningfuli, we systematically use
the force constants between first-nearest neighbors listed by Stiefler and Dorsch
for difluoridee (3) and dioydes (4) and assume a Born potential s.m.' , r - 5 for both
series of compounds. We lastly include the change in long-range interaction.

Experimental results permeat to collect 8 deformation potentials for."F 2
and TiO . In both cases,rI and r which stiffen versus pressure exhibit negative
deformalion potentials while Fo hich softens, has positive ones. The calculation
satisfactorily reflects these esulta. oreover it indicates that, within a family,
all experimental values should be roughly independent of the cation. For instance we
compute deformation potentials a " - 1000 cm for the difluorides and 6 - 1450cm-1

for the dioxydes. All series of erameter3 reflect qualitatively similar trends.
Concerning r , the calculation shows that the softening comes from the lack of resto-
ring forces ietween the two anions associated with the bond 3-4. This is the only
one to experience a stretching effect during a rotation of anions around the C axis.

- ,- -I -



C6-720 JOURNAL DE PHYSIQUE

To some extends, r can also be viewed as a rotational mode about the a' (110) axis.
However, in this case, both anion-anion 3-4 and anion-cation 2-3 bonds give stretching
contributions : the one associated with the last bond is strong enough to preclude
a softening of the mode.

For the shake of completeness, we list in table II the Gruneisen parameter
obtained from this calculation and oompare with experimental data when they are avai-
lable. Theoretical values obtained from refs. 3 and 4 are also given for comparison
purpose.
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Raman mode r1 Ig(A r3 (BIg) r4 (B) r5 (Eg)

Deformation
potentials aI  bI  a3  b3  a4  b4 a5  b 5  c5  d51 a 3 4  a 5

Ex(a) -1100 -470 480 365 - - -450 -775 155 -500
*60 *70 *60 *70 k60 *70 *10 75

MgF2  Th(a) - 1065 -700 638 276 -998 -802 -530 -757 71 -397

Th(b) - 1029 -787 553 502 - - -537 -760 146 -556

nF2 Th(a) - 1011 -632 621 305 -820 -666 527 -867 15 -446

NnE Th(a) - 983 -623 664 353 -812 -650 -471 -791 22 -440

2-- Th(a) - 1015 -688 607 321 -883 -727 -555 -876 15 -592

Ex(c) -610 -820 620 330 - - 1170 -1840 35 -230
TiO2  k 240 1310 +120 ±IS5 L70 ±430 &35 *300

- Th(a) -1545 -1290 966 407 -1464 -139 -1007 -1451 126 -953
Th(d) -1112 -736 383 1839 - - -780 -642 95 -1350

M 2  Th(a) -1396 -1112 891 451 -820 -787 -863 -1329 111 -677

2!92  Th(a) -1402 -1445 1020 718 -1421 -1570 -949 -1334 80 -899

Table I : Deformation potentials of Raman active modes of Rutile compunds.

a) This work i b) J. Pascual at al, Phys. 3ev. 15, in press, using force-mons-
tants extracted from a shell model ; c) ref. 1 1 d) ref. 2, neglecting the
Coulamb oontribation and asming O8.R. r-4.

FI
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PIEZOSPECTROSCOPIC STUDY OF THE RAMAN SPECTRUM OF LiIO 3

F. Cerdeira*, F.E.A. Melo * and R.S. Katiyar

Inatituto de Fb.eica, UNICA4PW, 13.100, Campinae, SP, BraziZ

Abstract.- We studied the effect of stress on the Raman Spec-
trum of a-LiI0 3 , with the external force directed both parallel
and perpendicular to the crystalloyranhic c-axis. The low
frequency part of the spectrum (w < 200ca - 1 ), consisting of
translational modes, exhibits the largest frequency changes
and is selected for detailed discussion. These changes are well
described by a linear deformation potential theory which allows
calculation of Griuneisen parameters and other anharmonic
coefficients. The former are in good agreement with those
obtained independently usinc hydrostatic pressure. No signifi-
cant difference in the value of these parameters was found when
comparing results from data taken at two different temperatures
(77K and 300K).

6The a-phase of LiIO3 belongs to the C6 space group with two formula
units per unit cell. 1 The Raman-active phonons are distributed among

the irreducible representations of the factor group, C6 as: 4A + 4E1

+ 5E 2. The first two types are simultaneously Raman and infraredI

active (hence split into TO-LO doublets) while E2 modes are Raman-

active only. All modes have been previously identified by Raman and
2,3infrared spectroscopy2 . We selected for detailed discussion a mode

from each symmetry type among the lowest lying translational

vibrations. These modes are referred to by the symbol of its
irreducible representation followed by its room temperature
frequency value (in parenthesis) rounded off to the nearest integer.
Experiments were performed with P I i (c-axis) at 77K, with the
sample immersed in liquid nitrogen and at 300K. Experiments at 77K
were also performed with the external force perpendicular to the
hexagonal axis 4. I I). The experimental arrangement is described
elsewhere.4

The chan.es in the Ranan spectrum produced by stress are well

described in first order perturbation theory using an effective
stress Hamiltonian dependent upon a number of constant parameters

*CNPq Research Fellow
**On leave from the Physics Department, Universidade Federal do Cear&

_A.: All
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called deformation potentials.5 For the C6 factor group of a-LiIO3

this yields4 :

A a' (axx + a yy) + b'o , (1)

for A modes and:

A=a'(a +a )+ba c'[ (a -a 2+4a2 1l/2 (2)

E xx yy z [ xx yy xy

for both types of E modes. Here a j are the components of the

stress tenqor and a', b' and c' are deformation Potentials to be

determined from the experimental data. Mode GrUneisen parameters are

obtained from these deformation Potentials as

dtnw = -EB (2a' + b), (3)
= InV --%j

where B is the bulk modulus

In Fig. 1 we show Raman spectra for the frequency reqion under
study taken at 77K for the unstrained crystal and for the maximum
value of stress attained in both cases: f 1 2 and f I q. Frequency
vs. stress for the different modes are shown in Figy. 2, also at 77K.
All frequencies are seen to change linearly with stress, within the

limits of experimental accuracy. In these figures dots represent I
experimental data while straight lines are linear least-squares

fits using eqs. (1) and (2). These fits yield values for the

deformation potentials a', b' and c', listed in Table I. Also listed

in Table I are Grlfneisen parameters calculated with eq. (3) and
elastic constants of ref. 6. They are in excellent agreenent with
those of Lemos et al. 7 obtained from room temoerature hydrostatic
pressure measurements (Table I).

In conclusion we studied the effect of uniaxial stress on

representative phonons of each symmetry type in a-LiIO3 . Our

measurements render numerical values for the deformation Potentials.
These constants are anharmonic parametern of great importance in the

lattioe dynamical elmcription of the material, eming to its well-
6o mted historv *0 nonlinea . optleal .oro, ,tes and to the

pcasible existence of a hIgh twerature sIWionic phase.. This led
us to measure one of t- hfination potkmtiais at to aitferent

temperaturesa 3001 and 77K. Up sg'tfilut variatio int he
numerical value of the parameter was observed. Attmpts to obtain

, 14
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stress data at temperatures of 470K or more failed because the sample
deformed plastically at low stresses when heated.

jT.lM 163 leaM g

j h bW11 3? 7 '
Au A.

(*)jl 65 - , PA. ~
vkA--

40 2D 0 20 40

Fig. 1 - Raman spectrum of LiIO3  Fig. 2 - Pressure dependence
with and without pressure of phonon frequencies

Table I. - Deformation potentials, In cm-lkbar I , and Gruneisen
parameters for translational i',des in Ln10 3

Mode I' arc7,

300K 77K Uniaxial hydrostatic

E (94) 0.58 0.58 0.34 0.60 4.0 4.0

AW(l45) 0.40 0.35 0.40 --- 2.4
- - 3.0

Ao(146 ) ---- 0.33 0.50 2.,7

EITO (170) 0.69 0.63 0.04 0.17 1.3 1.3

N (176) 0.61 0.66

Re' fr e~e a
1. a, Matmura, Mat. Ron. Bull 6, 469 (1971) and references theoren.
2. W. Otaquro, 3. VIOMz - Avnmar, C.&. Argumllo and S.P.S. Forto

Ph s. Rev. $12, 4542 (1971).
3. 3.P. Miseet and R.. fissaets%, .81d State Cormun. 20, 443 (1976).
4. r.Ai.. Rl O ed 1P.- Cardoira to bo Pb isahed.
5. von S. saussuhlf Acustica 23, 165 (1970).
6. V. LmAG, t..A. Melo and 1. Careira, to be Pub1ishd. '
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OBSERVATION OF COUPLED AMPLITUDE MODES IN THE RAMAN SPECTRUM OF

I NCOM4MENSURATE y-Na 2C03

A. Naciel andJ.V. Ryani

Ctarendon LabOratory, Vbniveveitij of Oxford, Oxford, U.K.

Abs tract. - The Raman spectrum of incomnsurate Y-Na 2CO3 reveals an addi-
iita number of modes which are activated by the distortion. A complex
coupled mode spectrum observed at low frequencies is interpreted as arising
from an interaction of acoustic and librational dispersion branches at tht
incomesurate vavevector. The high-frequency internal mode vl of the "_j
ions in ob~served as a doublet whose splitting varies with temerature as
(T 1 -T) 2 0 with 0 - 0.35.

The disordered 0 structure of sodium carbonate, which form the basic struc-

ture for the incomesurate phase, is derived from the hexagonal a form by a mono-

clinic distortion consisting mainly of rotations of the O3  groups about the

(I~~hex The icommensurate distortion which sets in at T I - 633 X~ is

known to consist of rotations of the carbonate ions about axes normal to this di-
rection and displacements of both the sodium and carbonate ions along this direc-

tion 2 . The critical wavevector varies continuously with temperature: for example,

at room-tesperature it has the valuej - (0.162a' + O.318c*), wiebelow -- 130 K,
it attains the approximately constant value + without there being a sharp '
lock-in 3 . At the onset of such an incommensurate structural modulation an addi-

tional number of vibrational modes wi th non-zero wavevector are expected to becm

Ramsan active. To date experimental studies have concentrated mainly on the bea-
viour of amplitude and phase modes which are primarily responsible for the distor-

tion. In principle, however, modes originating from wavevecters eg (n 1 I,2 ... )

6 .3

"me

711
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on dispersion branches with appropriate symetry may become active and can provide
information about the distortion. n this paper we report Raman data for y-Na2 CO3

which show evidence of these modes both in the low frequency spectrum and in the

high-frequency internal mode spectrum of the CO3 " ions.

The spectrum of y-ra 2 CO3 (Fig. 1) shows two quite heavily damped modes below

50 cm- I which soften with increasing temperature. The plot of their energies versus

temperature given in Fig. 2 suggests that they are soft modes for the a-B transi-

tion at Tc - 763 K. At low temperatures extra lines appear in the spectrum which

are associated with the incommensurate phase. The energy of line D in Fig. I is

relatively temperature independent (Fig. 2) up to about 160 K at which point it is

obscured by the wings of the much more intense higher frequency modes. Line C is

also very weak at low temperature but its strength increases with temperature as

that of B decreases; the latter is not resolved clearly above room temperature. The

spectra presented in Fig. I tre unpolarised and it is not possible to determine the

symetry of the lines. However, an interpretation of the 8-phase data can be

suggested since on symmetry grounds two Raman-active soft modes (Ag+Bg) are pre-(4) 2-
dicted (4 ) corresponding to rotations of the CO ions about (100) and (120)3 ~ 1 0 hex ~' hex
respectively. Because of the complexity of the mode interactions and the lack of

polarization data the spectra of the incomensurate phase are more difficult to

interpret; however, the temperature dependence of the extra modes is consistent

with the model in which a coupling of acoustic and librational dispersion branches

at gives rise to two coupled amplitude modes in the incommensurate phase. This

librational branch is expected to be low lying in Na2 CO3 just as in K2 C0 3 where an

antiferrodistortive transition occdre t5) due to a softening of this branch at the

Brillouin zone boundary.

I --

~:1

a me me ip e III

Fig. 3,: 3n spectrm of the totally symetric Fig. 4: Temperature dependence of
v ode of the iD1 s in Va2 CO3 . The data Av, the splitting b the v, mode in
aje q.ulrid. Spectrtr bandpass is the iva*me#._rf to pbae.
1 a-'Io

__
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Additional lines are also observed in the spectrum of the incomnsurate phase in

the neighbourhood of the CO 2internal modes. The most obvious of these is the appa-
3

rent splitting of the nondegenerate symmtric breathing mode v ICFig. 3). The temp-

erature dependence of the splitting shown in Fig. 4 shows that it tends to zero near

T, although we are in fact unable to resolve the components above v' 500 K. In the

8 phase we observe only a single line, albeit quite broad. A log-log plot of Av
versus (T - TI) yields a slope 0.70 - 0.76 depending on the choice of T, as 619K(3

or 633 K(2 respectively. Assuming a relationship Av a(T1 -T) 20yields a critical
exponent 0 - 0.35 - 0.38. Similar values of B have been obtained for other in-

coUInurate sys tem.
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INVESTIGATION OF THE CHARGE DENSITY WAVES IN 2H-TaSe 2 BY ONE AND TWO

PHONON RAMAN SCATTERING

S. Sugal , K. lurase, S. Uchida and S. Tanaka*

*Dpartment of Phy se, Osaka University, Toyonaka, 560 Japan
**Deparumnt of Applied Physias, University of Tokyo, Tokyo, 113 Japan

Abstract. - One and two phonon Raman scattering was investigated in 2H-TaSe2
at the normal and the charge density wave (C0W) phases. The temperature
dependence of the generalized susceptibility was obtained from the integrated
scattering intensity of the two phonon peaks relating to the Kohn anomaly
mode. The temperature dependence of the phonon energies calculated from
this susceptibility shows excellent agreement with the experimental data
obtained from one phonon Raman scattering in the soft A and E - modes in
the CDK phase and the Kohn anomaly mode in the normal pAse. 2g

2-TaS* 2  Transition metal dichalcogemide

A E 2H-TaSe 2 is a typical layered compound

with a CDV phase transition. The crystal

structure changes from the original ,hex-
4

66 K agonal phase D 4 to the incommensurate6h
charge density wave (CDV) phase at 122 K,

Z
followed by the triply commensurate CDK

N 6K (TCCD phase of 3a x 3a ° x co at 90 Kj

On warming only the stripe domain struc-

A Kture (SCCDW), in which one CDV is commn-
surate and the other two are incommensur-

aate, was observed by x-ray diffraction
L WK between 90 K to 112 K.(2)

z17 K scattering configuration on the layer

plane with 5145 A Ar-ion laser and micro-

127K computer associated system. Using this

experimental configuration, one Alg and

two E modes are observed in the normal
0 O 0 02g
ENERGY SRFT (cnrt) phase. In the TCCDW phase six points on

the E-lines and the two K-points in the:i. Lower energy pert of Rama

spectra in the normal (127 K), ICDN original phase are folded into the r-
(117 K), SCCDW (107, 96 K) and TCCD point.
($S, 66 K) phases. The dotted curves
are duplications of the 127 K spectra.

Present address: Div.Dngineering, Brown University, Providence, RI 02912
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Figure I shows the Raman spectra below

100 cm- . The A g-spectra were obtained
2H-TaSe2  by subtracting the perpendicularly polar-

ized spectra Z(XY)Z from the parallel
polarized spectra Z(XX)Z. The normalized

• intensity was obtained by dividing the

0 * experimentally obtained intensity by n + 1,

Z _where n is the Bose-Einstein factor. The
Z .:.,. , , N, small peak at 24 cm-1 in the E2g-spectra

0 so 1 K is due to the natively active rigid layer

: Temperature dependence of the mode. The broad peak at 110 cm
- I is due

phonon energies in the COW phase. The to the two phonon process. On decreasing
dotted curves are calculated from the
obtained susceptibility, the temperature, two Alg-modep and four

E 2g-modes become strong. Figure 2 shows

the temperature dependent phonon energies

2H -4T&S*2 of these modes. The Alg-mode at 82 c
- 1

MX. and the E 2-mde at s0 cI -1 , at low temp-

eratures ' show softening toward the CDW

........ to the normal phase transition temperature

at 122 K. The 50 ca- mode is overdamped

above 110 K. The 82 cm- A lg-mode ap-

I . proaches the 42 cm- 1 A -mode and mergesW 00 FM 3lg
TEMNRATURE () at 100 K.

The strong two phonon scattering
Fig.3 Temperature dependence of the
energy shift of the maximum position intensity relating to the Kohn anomaly is
and the edge of the lowe," energy foot the distinctive feature of 2H-compounds
of the two phonon Raman peak. The
dotted curve is calculated using the with CDW phase transitions. The maximum
susceptibility, position and the edge of the foot of the

two phonon scattering peaks are shown in

Fig. 3. The energy of the edge shows
strong temperature dependence. The half

of this energy corresponds to the energy

of the Kohn anomaly T LA-4ode. The inte-

grated scattering intensity increases

with decreasing temperature, if the

intnsity is nomalized by the statistical

TC SC C N factor of the two phonon emitting process.

0 300 K Tbe two phonon scattering intensity is

fI.4 Temperature dependence of the lated to the generalized electronic

generalized susceptibility obtained susceptibility XA (4) by
from the integrated scatterimg inten-
sity of the two phoomn Rma peak. I WX (a + 1) .

.4.i I
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Figure 4 shows the obtained susceptibility. Phonon energies renormalized by

the electron - phonon interaction are expressed(5) by

-2 2Wq =AWqX - CtqXXqX,
where 2 and are the renormalized and bare phonon frequency, respectively.

q WqX
The calculated phonon energies are shown in Fig. 2 and Fig. 3 by dotted curves.

The agreement with the experimental results is excellent.

Our results are sumarized in the following.

1. The generalized electronic susceptibility was obtained from the second

order Raman scattering intensity. The energy of the Kohn anomaly mode was calcu-

lated above and below the CDW phase transition temperature using the susceptibility.

The agreement with the experimental data was excellent.

2. In the CDW phase, the Ag-mode at 82 cm
"I at 12 K and the E2g-mode at

50 cm-1 shows strong softening and their intensity curves have shoulders at about

90 K. They ight be assigned to the amplitude modes. The 42 cm"1 A lg-mode and the

64 cm E -mode might be assigned to the phase modes.E2g

3. No hysteresis was observed in the phonon energy, scattering intensity

and line width in the temperature range of the SCCDW phase. This suggests the

existence of the domain structure in which the CDW is almost commensurate.

4. The Kohn anomaly phonon energy above the CDI transition temperature

was obtained from the lower energy foot of the second order Raman peak.
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BRILLOUIN SCATTERING STUDY OF THE INCOMMENSURATE (ANTIFERROELECTRIC)

PHASE TRANSITION IN SODIUM NITRITE

T. Yagi, Y. Hidaka *and K. Hiura**

Kyushu niversity, Rakozaki, Fukuoka, Japan 812

Abstract.- The Brillouin scattering spectra of NaNO2 have been observed as a
function of temperature near the two phase transition points; normal (para-
electric)-incomenaurate (antiferroelectric) and incomensurate-comensurate
(ferroelectric) phase transition points. A simple temperature dependence of
the Brillouin frequency shifts has been found in the incomensurate phase
indicating existence of a dispersion of the sound velocity in hypersonic
frequency.

1. Introduction.- The phase transition in ferroelectric sodium nitrite

(NaN02 ) crystal has been regarded as a typical example of the order=

disorder type transition. The flip-flop motion of electric dipoles =

each of which is composed of a NO2 ion and the nearest neighbouring Na

ion - is capable of being treated theoretically as a motion of the

Ising spins. On the other hand the phase transition of NaNO 2 is not

so simple as expected from the simple mechanism mentioned above. With

lowering temperature, the crystal symmetry changes from the disordered

paraelectric (normal) D 2S Imm to the sinusoidal-antiferroelectric

(incommensurate) phase at TN (437.7 K) and then undergoes a 1st order

transition to the ordered-ferroelectric (commensurate)C20-Im at T2v m2ma Tc(436.3 K). In the incommensurate phase, the electric polarization has

an incommensurate wavenumber k = a*/8, where a* is the magnitude of

the reciprocal lattice vector parallel to the orthorhombic a-axis.

The observation of sound wave propagation is a powerful method

for investigating the dynamic property of the incommensurate phase,

because elastic waves are always coupled with the order parameter.

Several studies on the sound wave propagation in NaNO2 have been re-

ported. 1 "6 ) The purpose of the present paper is to observe the sound

wave propagation in a gigaherz region by the Brillouin scattering in

order to extend the frequency region covered by the recent ultrasonic

studies in the incommensurate phase.3 '4 "

2. Experiment.- The sample crystals of NaNO2 were grown by the Bridge-

man method. During the course of the crystal growth, the temperature

of the electric furnace was controlled to keep the cooling speed slow.

*Present address : Ibaraki Electrical Communication Lab., NTT, Japan
319-11

"Present address : Atsugi Plant, Sony Corp., Atsugi, Japan 243
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After being cut to a cubic shape with a wet-thread saw, the surfaces

of the sample crystal were finely polished in order to reduce the

light scattered there. The sample crystal mounted in a light scatter-

ing cell was illuminated by a beam of the longitudinal single-mode

Ar+ ion laser operated at an average output power of about 100 mW. A

5145 X line, polarized vertically, was mainly used as the incident

beam. The scattered light was analyzed an ordinary 900 Brillouin

spectroscopic system which is essentially the same as the one de-

scribed elsewhere.6'7) Figure 1 shows a typical example of the spec-

trum of NaNO2 observed at room temperature.

3. Results and Discussion.- The Brillouin frequency shift (Av) of the

longitudinal modes was observed as a function of temperature for each

of the three directions [100], [010] and [001] in a temperature range

from 360 to 480 K. The temperature dependence of Av in the [010] di-

rection shows a qualitative agreement with the previous result except

for the results very near the transition points TC and TN. 5 )The re-

sults near the transition points TC and TN are shown in Fig.2. In the

incommensurate phase, a gradual decrease of Av along with increasing

temperature is seen in each of the three directions. Taking account

of the temperature dependence of the refractive indices, we can see a

rather smooth change of the sound velocity along with temperature in

ICOO 13q111001]3

R. Rm.,

X70

I I I S

0 5 10 -10 -S 0
FREQUENCY SHIFT (Gr)

Fig. I rIllouls spectrm of ,11l02 at room temperature. The phone vector
q is parallel to the [0011 direction. The capital letters R aud B denote
Rayleigh and Brillou n lines. The superior and inferior letters a, T, L,
S and AS mea the order of Interference, transverse, and longitudinal modes,
Stokes and anti-Stoke. lines,respectively.

I - ,
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the inco~mmensurate phase, because Av is proportional to the hypersonic

velocity. On the other hand, the distinct anomalies near T C and T N
were reported in the recent ultrasonic study of the longitudinal wave

propagating along the [010] direction.3 ,4 ) The relative change of the

sound velocity at T C in the ultrasonic data is estimated to be 3 - 4 S.
On the other hand, the relative change in the present hypersonic data

is about 0.5 % at T C. At the normal-incommensurate phase transition
point TN a continuous minimum in the velocity of the longitudinal
sound wave in the [010] direction was reported.'4 However no minimum

F was observed in the present data as shown in Fig.2.

The difference between the ultrasonic and the present hypersonic

result indicates clearly the frequency dependence of the sound veloci-

ty in the incommensurate phase. Thus it is concluded that the disper-

sion frequency of the sound wave exists below a hypersonic region.

Therefore, the amplitude mode which is expected to couples to the
sound wave in the incom-

mensurate phase becomes
20.8 1 a- sufficiently over damped

04 NaNod* in the frequency region

considered here.

206 I
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SOFT PHONON VALLEY NEAR THE TRANSITION TO AN INCOMMENSURATE PHASE IN

BARIUM SODIUM NIOBATE

J. Schneck, J.C. Toledano, J. Aubree, B. Joukoff 
and C. Joffrin*

C.J.E.T., 196 rue de PariS, 99220 Bagneux, Frawe

.t.L.L., Grenoble, Franc.

a : The dynamic characteristics of the tetragonal to incom-
mensurate transition in Barium Sodium Niobate has been investiga-
ted. The precursor effects consist, in the tetragonal phase, of a
soft phonon and a central peak.

Barium Sodium Niobate was known to undergo in the vicinity of

3000C a ferroelastic transition with the symmetry change 4m=+mm2 (1).

However it has been recently shown that there were actually two
(2)transitions in the 3000C range . The upper one nearby 300*C which is

continuous corresponds to the onset of an incommensurate phase with

the modulation vector = a*+b*) (I+&)/4+c*/2 (referred to the tetra-

gonal lattice).

The stability range of this phase is " 30*C, where 6 varies on

heating from 8 S to 12.5 %. The orthorhombic symmetry previously obser-

ved is only that of the "average" cristalline structure. The lower.
transition which is discontinuous leads to another incommensurate phase

with identical point-symmetry ane the same direction of modulation but

whith a different periodicity very close to a commensurate one (6% 1%).

By means of inelastic' neutron scattering the dynamics of the upper

transition has been studied in the high temperature tetragonal phase

up to 660°C. In the investigated sample this transition occurs at
T 288C, the lower one being at TIIx 250*C. Above Tit energy scans

has been performed near the vector (4 - (1+6)/4,4 - (1+8)/4 , 1/) which

corresponds to one of the strongest satellites observed, below Ti, in

the [TO scattering plane.I i

The critical wavevector has been found at = (3.72, 3.72, ;.5)

and Is temperature independent. For T<T I ; kc corresponds to the tempe-1

rature dependent position of the satellite reflection.

For T>TI , inelastic scans reveal thq.P" ce ','b a damped soft

phonon mode as well as that of a central component with a critical be-

havior. Tho soft phonon becomes overdamped below 400*C. The central

component exhibits a steep increase, of intensity on approaching TI whe-

reas its width is determined by the instrumental resolution ( 0.15 Thz)

1- ~
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The contribution of the two
o former features have been separa-

ted through a fit of the energy
scans 3 ) .The plot of the fitted

squared frequency of the soft pho-
2non w is shown on fig.l.w de-

903 creases markedly from 660*C to
02 3500 C. Below 350 0C, w remains near-01- ly constant bcause blow this tm-

250 350 450 550 6perature the phonon contribution
TEME (90 seems to revain constant. This sa-

ig.1 Variations of the squared turat
frequencies of the unjamped renor- ion of w is probably due to
malized soft mode, w (filled the interaction of the soft-phonon
triangles), and w0

2 Isquares).
The insert shows in a range with a relaxing degree of freedom
of 60*C above TI. giving rise to a central peak.

The inverse of the static sus-

ceptibility X nu I/w02 (3)has been

obtained through the veasurements of the total intensity I scattered

in both the central peak and the soft mode peak. We have W 2 T/I (4)

As it is shown 6h fig.1 the temperature variations of w are in good
agreement with a linear law below 350*C.

The set of fitted w. frequencies obtained for various i vectors
along the (110] direction gives the dispersion curve represented on
fig.2.

Iz=(3.?S-5 . t .,O5 )

!A2: Dispersion curve of
a ft-phonon branch along

the (hIo] direction.

T, .370t

oT .220*C
*T .I15*C
ATI,T .50*C

A I I z I I S J- 0 .2S
A S Z

___I___II _ UIL__II

, .- ,.. - , -. . -



C6-736 JOURNAL DE PHYSIQUE

Previous X-ray experiments (2) have shown in the high temperature
phase precursor effects of the transition at T as strong rods of dif-

fused scattering approximately along [IT0] . In these rods a strong
temperature dependence of the soft mode is observed showing that the
dispersion curve along the direction is very flat.

On the basis of the preceding results, the nature of the diffused

scattering observed in the X-ray experiment is clarified. Close to the
critical wavevector tc and near TI it is essentially due to the cen-
tral peak distinct from the overdamped phonon contribution. On going

away from tc in the [i101 direction the contribution of the soft pho-
non increases and makes an important fraction of the scfbt ering. Over
100°C above TI the diffused rods essentially reflect the valley shaped
dispersion surface of the soft phonon branch.

These diffused rods reveal the occurence of strong correlations
in the (ac) orthorhombic plane. A possible structural basis for a
correlation along the c direction could be in the fact that at micros-
copic level the soft mode has been assigned to a collective shearing
of the oxygen octahedra in the structure 5. This feature could esta-
blish strong correlations in the chains of oxygen octahedra parallel
to c, through the corner sharing of the consecutive octahedra.

By contrast no obvious mechanism accounts for the correlation

along the [110] direction.
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VIBRATION SPECTRA OF CRYSTALS IN AN INCOMMENSURATE PHASE

T. Janssen and C. de Lange

Insttute for TheoreticaZ Phijeica, University of Nijmegen, Toernooivetd, 6525
ED Nijmagen, Vie Nethertands

Abstract.- The solutions of the equations of motion and the structure of the
spectra of incommensurate crystal phases is exemplified on a model in one
dimension. Us is made of the superspace symmetry of the problem.

I .Equations of motion.hn incommensurate crystal phase is characterized by the simul-

taneous occurrence of 2 or more. mutually incommensurate, periodicities. As a con-

sequence the translation symmetry is lost. Nevertheless, the symmetry is a space
1,2

group, but in 4 (or more) dimensions .If the modulation is displacive and one-

dimensional, the position of the jth atom in the unit cell U*is n*r -1 qf) where

1.is a periodic function with period 2w, and I*is the modulation wave vector which
is incommensurate with the basic lattice. As additional dimension we take the phase

T Of ?.Then the positions can be seen as the intersection of 3-dimensional space

with lines given by (n 4 ?(q. +T),r). This 4-dimensional structure has again
i i Me .

translation symmetry with basis vectors (a. -Aa ),(0. 2w),(a are the 3 basis vectors

of the basic structure),where AsJq~j
This 4-dimensional translation symmetry can be exploited to study the vibra-

tions of the incommensurate phase. We do this in the harmonic approximation. This

approximation cannot throw light on the origin of the modulation, but can be used

once the modulated configuration is established. We denote the displacement from the

equilibrium position of atom ,J for a phase T by lttk,) Then

2-0 -0
NW u(nj,T)- fit. *(nJ,*n'J',T)_u(n4'J',r)()

is the equation of motion with dynamic tensor 9 . This equation and the propertiesf

of 0 have been discussed in ret.3. Here we want to apply this equatlon to investi-

gate the spectra. Because of the translation symmetry we can use a Bloch Ansatz for

3r,).As has been shown in ref.3, IShas the form

iZ~j,)I~ep~ikU) ~(2)

where t is a vector in the Brilemis sawa of the besia structure ant I am inbeger

labelling the solutions~ The junct ion I has lattice periediefty. In particular, it

has periodicity in TS ?(T)4Uk (T+20. .This implies that
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Substituting eqs.(2) and (3) into eq.(J we get equations for U and A, which
form for incommensurate q an infinite set of coupled difference equations. For com-
mensurate 4, this set is finite,because U(T) is coupled only to the finite met
U(r4..W). The umber of equations then is exactly equal to the number of degrees of
freedom in the supercell. Nevertheless it makes sense to use the description in the
4-dimensional superspace.

2.Modulated spring model.- As an example we consider a linear chain of identical
particles with potential energy V-Et,(r)Iun n- (T) (1 21/2, where the spring con-
stants vary as a consequence of the modulation. Notice that we do not discuss the
equilibrium positions themselves, but only the displacements. To make the model as
simple as possible we assume a sinusoidal variation of the spring constants:

a n(r) - (I~ecos(qn+r)) .(4)

Eq.(2) gives u k (i)-exp(ikn)U kX(T~qn). For the unmodulated crystal (e-O) we get, of
course, the usual solutions in the form of harmonic waves. These do not depend on 'r:
k k k k
u n uexp(ikn), which implies U (T).u 0* For £40 these waves are coupled to each other.
Now it is important to notice that the description in eq.(2) is not unique. If one
replaces k by kmnq and U k (T) by U k ()eXp(-iMT), the displacements for T-0 are the
same. This implies that for incommensurate q,k can be taken to be zero. For coinen-
syrate q-$/N,one can take O~kc2w/N.

For e-0 the solutions are U (r)-u~exp(-iXT). For e40, the solutions are no
longer simply sinusoidal. An example is given in Fig.) for the case q-0.3w, C-0.316
and A-1. The label A corresponds to that of the solution to which this solution
tends for C4.. it is only ambiguous because of the degeneracy of modes with A, -A.

.0

740 :The function U(T) for the _0)* mode of the modulated
=sirig modal With q- 0.3vi*m.3j6,)t.'.7934 (cfable 1).

The characterization of the modes is more transparent for the Fourier components
A,.. for s-0 there is only one component (or two if one combi nes the degenerate modes
withl and -A). For ulg' the number if cosonbnts increases (?eblel). However, for
vccI a no"a io wall charaeraized br its bigget cemponent. Per fsa hi is no
longer the ease (see A-2 is Table, I for owli).
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0.5 00 16 1.0 0.01 0.316 1. 00 .316 .
i0.00 0.834 0.130. 13 L.41 a .4 . 4S 40,0L :.494 .9

A, 0.I39,-.O09 .146457 .094..048 M03,.M0 .022.-.0"4 .40
A2 -.0 4.-.016 -.037_.051 .158..003 .llI._09i .062.-.046 .033..025

A3 .00I:..003 .006,.040 - 024 -. 053 -054_.009 .040, .083

£4 .00..OI.007O*-.O20 -'00I..022s -. 000,-.1 -. 002..079
AS .0"4.-.004 -011-014 .062..062 -.012..022
£6 -.080..026 -.001-.001 .0011-023 -. 002..001
47 .024* .004 -.001.*.004 0.0.0.6
£9 -.006.-.00 -.032..044 .003.-.007 -007.-60
Aq .001..00 -027..014 .074.-014 .052.-.027

A101 I I.052..00 1.224..0001 .190.0. 1.093.000

kA kA kX0
Table 1. Real and imaginary parts of A3  for k-0. Notice that A -A

11;- 31 I

3. Spectra. - To study the spectra we have used the same modulated spring model.* An ex-
tensive discussion has been given in ref.4. Here we present some results for a simple

case. One viay of doing is to tis perturbations methods for small c but arbitrary q,

another way is to approximate an irrational q by a rational one and to study the

successive approximations. In Table 2 are given them -_spectra for a superstructure

with q-O.3w. For e-0 there are no gaps. For
e40,there are in principle 19 gape,but for

q/2. 0.15 0.15 If7 11£ 0.13 1/7 eel only 5 gaps show up. If t increases the
0.000 0.31£ 0.31£ 0.316 1 *000 1 num ,,ber of gaps increases,but the rrnber of
4.000 4.494 4.325 4.427 .6703O

1 4 .256494 4.3163 substantial gaps remains the same:the levels
4.461 4.515 4.400 4159494 cluster. In the extreme limit e-1 this can
3.370 3.439 3.M8 3.6393

1 1 1 3.6533.811 be seen clearly. it is remarkable that the
3.555 219 3.032 3.62M5
2.749 2.1105 2.' 1.-710 clustering is governed by the continued

1.02.1292 fraction expansion of q. Since hare q/2w-
2.232 2.540 1.934 1.9460

.2 .12 2.236 1.116 0.94"6 1/(6+2/3) the cluster pattern in first

1.326 1.460 0.963 0.9301 approximation is 3-2-3-3-3-3-3. In a
1.1 .480" 0.4150 0.4554 second approximation the 3-clusters split

I:1: 032 up in a 2-cluster and a single level.
020.24£ O. 0.1878 To see the influence of the co menasurate
0.137 0.101 0.00 2 appro ximation, in Table 2 the spectra for

0.00 0.000 0.00 DAN 0.0000 0.0000 qwmO.3w are compared with those for 2w/7 and

2*/6. it is clear that the gap structures

are very similar.

Tale2 Spectra for the modulated The spectra for this simple model have
ijI1 model. A line between numbers also the main characteristics as for another

iediaCtea & DOMIStM61100 110i nodel with nonlinear forces.

1. PM~doWolfAttCrit.*30.777(1974) .533,493(1977)
2. A.Jammter aol __ __ (179
3. T JaMssen,.!U!±.t1_2 53GlIUI79)
4. C:68 LO MTJMS ,.z (to, Oppear)
S. T.Jassem ad J.O.joft,!jW .... 124, (to appear)

A*~t~
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INVESTIGATION OF THE CHARGE DENSITY WAVES IN 1T-VSe 2 BY RAMAN

SCATTERING

S. Sugai *,K. Murase * , S. Uchida and S. Tanaka"

*Depatmnt of physios., Osaka University., Toyonaka, 560 Japan

Department of Applied Physics, University of Tokyo, Tokyo, 113 Japan

Abstract.- The lattice dynamics in lT-VSe 2 was investigated by Raman scatter-
in in the normal phase (> 112 K), the incommensurate charge density wave
(ICDW) phase (80 - 112 K) and the commensurate charge density wave (CCDW)
phase of 4a x 4a (< 80 K). Recently the stacking of the layers was
observed to be ingommensurate even in the lowest temperature phase. In the
normal phase two modes were observed. I the CDW phase new peaks appear in
the A1 - symmetry a1 50, 62 and 174 ca due to the formation of the super-
lattice. The 50 cm- made showed softening toward the CDW to normal phase
transition temperature. The observed CDW peaks are broad reflecting the
incomensrability along the direction perpendicular to the layer. A central
peak was observed in the CDW phase.

The two dimensional transition metal diselenide 1T-VSe2 is known to show the

charge density wave (CDW) phase transition. On cooling, the ICDK is formed at

112 K and successively the CCDW of 4a x 4ao is constructed in a layer, but the

stacking of layers along theC'- axis is still incommensurate.(l) The calculation A

of the band structure shows a pancake-like Fermi surface near the r-point (2) as in

the case of IT-TaSe2 . This might be the origin of the incommensurate stacking.

The electronic resistivity is metallic even at low temperature, and the temperature

dependence resembles ZH-TaSe2 .

The experiment was made in the back scattering configuration on a cleaved

layer surface, using a 5145 A Ar - io laser of 100 mW and a microcomputer associ-

ated Raman spectroscopy sysrem. The scattering intensity from 1T-VSe2 was weak by

about one-tenth of that of 2-TaSe2 .I3I..IThe crystal structure in the normal phase is trigonal D and the unit cell

contains one formula unit. One A and one E - mode are Raman active. The Alg -

mode is observed in the parallel polarization configuration of the incident and the

scattered lights. The E- mode is active both in the parallel and perpendicular'

polarization configurations. The A13 - symmetry spectra wove obtained by subtract-

ing the perpendicular polarization spectra from the parallel polarization spectra

after correcting for the apparatus efficiency about the polarization direction for

each wavelsmth point.

Presmt address: Div. Enginmring, Brvwfl ii versfty,- Pmidftie, RI 0291t

t.
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Figure 1 shows the Alg and E -

symmetry spectra in IT-VSe 2. The scatter-

ing intensity was corrected for the phonon

IT-V2 distribution function n, as

A I(w) = I (w)/(n(w,T) + 1),

where Io(w) is the observed scattering

intensity. At room temperature the Alg -

mode is observed at 211 cm- 1 and the E -
141K mode at 143 cm-  The peak of theE -

9
-U mode is small and broad at room tempera-

M ture, but becomes strong with cooling the

crystal. The broad peak near 130 ca' is

assigned to the second order Raman peak

UK relating to the Kohn anomaly. Below the

CDW phase transition temperature new peaks

appear because of the increase of the unit

cell. The new peaks were observed only

in the A 1  - symmetry with the energy of
-1 g -1 -1

20K 50 cm , 62 cm and 174 cm at 20 K.

These peaks are broad even at 20 K, re-

0 M 0 we no ae flecting the incommensurability along the

C- axis. The 50 cm- 1 mode at low.temp-
Fig. I The A and E symetry eratures shows strong softening toward the
spectra of 1T-Vge in fhe normal

2(> 112 K) incommensurate (80 K - ICDW to the normal phase transition temp-
112 K) and comnsurate-in-a- erature of 112 K as shown in Fig. 2.
layer (< 80 K) phases.

Figure 3 shows the normalized inte-

grated scattering intensity and the full
line width at half maximum. Figure 3(a)

IT-VS.2
" is concerned with the CDW state activated

modes and Fig. 3(b) the native modes. At
6-.50 low temperatures the CDW state activated

modes of SO ca 1 and 62 cm- decrease
their scattering intensity and increase
their line width with temperature. The

.ws ,intensity of the modes active even in the

original phase decreases with temperature.

Tempermtut. depmndtce of The point of inflection is about 130 K.
energies of the A - modes

which appedt in the Ph u"mse. The 147 r - ode almst merges into

the background at room temperature. This

temperature behavior is similar to the

native mode of 240 c am 1 A mode in

4ft,
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2H-TaSe 
2 .

Below the CDW phase transition temp-
JT-V e erature a central peak appears below 10

- I
Ma.- cm , and its intensity increases with

decreasing temperature. The central
peaks accompanying the COW phase tran-

sition was observed by Sooryakuner, Bruns
0 and Klein in the ICDW phase of

62 I 2-TaSe 2.' In the naive theory of the
leg one dimensional CDW, the phase mode has

jr * vanishing energy at zero wave vector. In

Mtwo dimensional materials, the energy of
soc..-) the phase mode are not well known due to

the interaction of the triple CDW's.Th
* observed central peak might be related to

12tepoo-o osm efcsi h
E crystal.

11 The authors thank A. Toriumi for the
preparation of good crystals.

Fig. 3(a)

IT-VS. 2
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PRESSURE DEPENDENCE OF IMPURITY INDUCED RAMAN SCATTERING SPECTRA IN

ZnS CRYSTALS

M. Zigone, M. Vandevyve and D.N. Talwar*

Laboratoire de Physique des SoZides, aasoci4 au C.N.R.S., Universit4 Pierre
et Marie Curie, 4, Ptace Jusaieu, 75230 Paris Cedex 05, France

*C.E.A., C.E.N.S., Bofte Poetale no 2, 91190 Gif-sur-Yvette, France

Abstract. - Raman scattering from zinc sulphide crystals containing a transi-
tion metal substitutional impurity (Mn and Co) is reported at different
pressures up to 40 kbar. Numerical calculations of these impurity induced Ra-
man intensities are also made on the basis of Green's function theory. It is
shown that the features observed in the Raman spectra of the above crystals
may be interpreted as a series of resonant modes due to the weakening of the
impurity-sulfur bonds by about 20 %.

1. Introduction. - When impurity atoms are introduced into a crystal, new phonons

are induced which were either inactive or inexistent in the perfect crystal. There

may arise two possibilities that a) all the modified modes lie within the band mode

region, or b) some new modes occur at frequencies in between or greater than the

bands of the allowed frequencies of the host system.

In the recent years, these impurity induced modes have intensively been investigated

in numerous crystals using both infrared (i.r.) absorption and Raman scattering

methods . Most of the works have concerned isolated or complex defects in crystals '
at atmospheric pressure. Rather sparse are the studies of the influence of a rever-

sible perturbation as hydrostatic pressure on the defect modes.

The present ommunication is devoted to the effect of hydrostatic pressure up to

40 kbar on the Rman spectra of ZnB containing transition-metal atomic-substitu-

tions (Nn and Co). It is shown that the pressure dependence of the vibrational modes

is a useful tool in the assignment of the impurity-induced modes.

A calculation of the impurity induced first-order Reman scattering (IFOR) is also

performed here for the above crystals, at 40 kbar pressure. As a result, our

calculation reproduces very well the experimental results by assmeing a weakening

of # 20 % of the impurity-boat bonding.

2. oiasnt. - The Remm spectra were measured using a "Spectra Physics" Ar
+

laser and a "Coderg" double morochromator. The experimental resluto was usually

of W 1 omn-  The high pressure cell was a gasketed dimaiod-anvil call. The pressure

determinatin is accurate to + I kber at 40 kbar.

The effect of hydrostatic presue on the Impurity Ukduced Demai spectra has been

studied for Zaume and ft Co systems. The results are smmn in figs. I and 2 for

Zno:No only. The measurements have been perfozmed up to i 40 kbar, at room tempera-

1 .. . . I
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ture. The important result concerns the defect

phonons, all of them exhibit the same blue shift ZnS:Mn o 0
LO 00

under pressure application without any other o 0

modifications. Moreover, the blue shift is very 350

similar to that of the LO(r) phonon. 3

The frequencies of peaks found in the defect 330
spectra (see Table 1) fall into the range where 2

the one-phonon density of states is high or •vayn2, 4. 310 1 so•
rapidly varying I 'Do

Then, we might conclude that we do see the IFOR 0 0
290

scattering which is due to the relaxation of TO 0

the wave-vector conservation rule in the 27

presence of the defect ("defect activated 270 20 30 40

phonon density"). Nevertheless, the alternative ressule (kbar)

hypothesis of "true defect modes" cannot be

excluded. First, the phonon density shows a Fig. 1. Pressure denpendence of

narrow gap in the optical region which phonon frequencies in ZnS:Mn (3 %).

2 The notation 1, 2, 3 correspond to
suggests the possibility of gap modes 2

. the defect phonon peaks that are
listed in Table 1.

Secondly, resonant modes characterized by a

strong enhancement of amplitude of vibration in the vicinity of the defect, could

also be responsible for the observed defect spectra. We expect that, upon pressure

application, the Raman spectrum of the "defect activated phonon density" should

reflect the variations with pressure of the dispersion curves at zone edges, and

thus present a modification of its structure because each of the high symmetry

points of the Brillouin zone has a different pressure dependence coefficient 4 . We

have 'sen that, in fact, it is not what we have observed in the experiments under

?AMU I

C "r4rsiw of the expe4,f3ltoi p414t Crystal .d im"edty f,.q..ries vitb thosl of t4 m8. predictod

by .. lela4m At t mi .1 Of lbe pmaet I I W,. ..d 40 kber. The .,ad a. d temloe d feqeay
biftt. Ae betWe~r I bar 40 kb ame 1if adicatG4. All the freqaaacies art BiweI ar1. A te rioal

SeOMMl f 1 qeeioo at40 1"r is Met d far tlb m l4 .ot tb. dots" parier L() I (A-AP())/(p)
t4at b ball fend at et.eric preasus.. T e Icl-t tepod8-e. ti. V.ry emil the easured fIlq~utcy

1fts4. Ae

beaba r 5 0 0 1 *14- I bar 46 k5r a - 044-01

festeres catc. chic. alee. re..
I t ". fgs. s.p. feC 0e. for e.g. Cal. for sep. for ep. Cale.

4 eid SD -*. 2 t-*@.26 t-. .0 tC0 000• 0

Tot?)* 274 274 361 lei0 1 *3 .31 274 214 103 N 361 32 431
M 369 203 313 31 + a1s 1 0 03 204 323 323 + to + 19

140 319 + 9 30 37 + 19

2 330 311 320 330 + is * 39 311 314 333 323 * 1 + 19

3 310 231 340 310 a 19 a 19 335 334 312 353 + 17.* is

39 i4 a 19 344 36 t1o

(OM3* 394 254 34 10 a IF *19 + 50 i M SO 10 369 ' t 19!I
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compression (c.f. Figs. 1 and 2).ZnS:Mn at 40kbar

This behaviour under pressure is an argument in favor

of our second hypothesis of "true defect modes".

& (a) Expli.

3. Calculation. - In this section we attempt to

calculate the IFOR spectra due to the above impurities

on the basis of the Green's function technique, by

using a rigid ion model of 11 parameters (RiM 11) for 7

description of the perfect crystals
2 . Among the possi- r (b)Cal.

ble one-parameter defect models, we consider the one
5

proposed by Grimm et al. . In this model, the defect

can be described by a single dimensionless parameter t

as : t = - Af/f. Details on numerical computations of 250 300 350

the impurity induced Raman intensity are given in ref. a (Cm-')
4

3. In an earlier paper we have reported a lattice F Comparison between

dynamical study of zinc-chalcogenides under compres- the measured and calculated
Raman intensities of ZnS:Mni

sion. Therefore, a set of model parameters is avail- Rm at 0 k p sue
(3 %) at 40 kbar pressure.

able at any pressure, and this allow us to calculate (a) represents the experimen-

the IFOR scattering at high pressure. tal spectrum obtained at 40
kbar ; whereas in b)

The calculation of the IFOR spectra of the above calculated sum AI+E+F2  isplotted. 2
crystals at atmospheric pressure has already been

given in a previous work 3 . We have shown that the calculated results provide an

excellent agreement with the experimental structure for the value t = 0.2 of the

defect parameter, i.e. a weakening of the impurity-host bonding by a factor 0.8.

This calculation predicts also no gap modes for the selected value of t and in the
frequency range under study. Therefore, the only "true defect modes" which could be

responsible for the observed structure are the resonant modes.

In order to clarify this question furthermore, we have calculated the IFOR spectra

from Hn mnd Co impurities at 40 kbar ; the shift of defect modes with pressure is in

a very good agreemt with the one observed experimentally (of. fig. 2 and Table 1)
3for the value of t determined in the calculation at I atm. pressure t 960.2.

This oonstitutes a m4pplementary test for the choswe models of the perfect lattice

and of the defect.
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SIMULTANEOUS CONDENSATION OF SEVERAL MODES AT STRUCTURAL PHASE

TRANSITIONS

P. Toledano, G. Pascoli and M. Coiret

Groupe de Physique Th~orique, Facultd des Sciences, 80000 Amiens, France

Abstract.-

The structural transitions in a number of materials has been explained by the
simultanous condensation of several modes at the transition texperature.The va-
rious types of couplings between the arder-parameters corresponding to this
mechanisa are discussed.

Most of the observed structural phase transitions have been related to the con-

densation of a single normal mode of the crystal.This confirms the basic assertion of

the Landau theory which states that when the space-gr wps of two phases are group-

subgroup relatedethe transition from one to another phase can be described by a single

order-parameter(CP).In other words,the number of pheneenological vartables that have

to be introdced in the description of the transition is minimal and cmot be re-

duced.However, a small fraction of the materials undergoing structal transitions does
not comply with the preceding schene.This is, for example, the case of families of

compounds such an the Boracites2 *the Lmbejnitea3 and part of the Psrovskitesa s of
isolated compounds such as BentIl 5 or Bismuth titanate6 tend also of Incommensurate

systemssuch as Sodium nitrite and Thiourea 8 .

In these materialsth structural changes cannot be interpreted with a single
OP and several modes related to distinct P see to be simultaneously Involved.As
each OP expresses a set of atomic displacements (a degree of freedom) associated to
a certain nortal mode of the system, the fact that several OP are Involved signifies
that the displaoments related to one OP brings about an Instability in parameters

inducing other displaosments.Due to the non-limar interaftion between the Various

paZ@metersthe modifications accompanying the transition( symetry chsnge.dielectrie

or elastic anomalies... ) will require for their description an increasing nwber of

thermodynamic vazables.Thusit can be asked to what extent a Landau-type theory

involvin several OIP may still have a predictive value. In this paper we briefly dis-
cuss the ease of transitions Induced by two OP whose characteristics have been pre-

cised by a number of recent studies- 1 3 ,

As we have in mind a qualitative description we can restrict to consider only

single component OP s,namely p and q.The free-energy(l3) of the transition will con-

tainin addition to Invariants of each OP, aixed Invariants expressing the coapliag

between p and q.As it Is the lowest degree coupling term which detemines the eoeen-
tial features of the transition. we can therefore diastingush two man easest

now
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i) The l9 ie of the type i
P li2 +A4 +g6 +Bq2 +Bq4 + 6 + p2q2

Such a casel* encountered when lower coupling of the type pqpW o pq axe for-

bidden by symnetry.It in realisedtfor instance, for two non-unit oe dimensional real

irreducible representations(IR) of the space-group CO describing the more symmetric

(high temperature) phase.

When A3-6 3 -0, (1) is related to an experimentally unrealistic set of two suc-
cessive second order tmnsitim.hen only oe of the sixth-degree coefficients

(let sao B3) is non-sero, we obtain an asymmetric FS which has beem used by lioa-

koveky9 to describe the simultaneous onset of spontaneous values for p and q at a
first order tansitiono.rve precisely,hen one assumes a single temprature-depen-

dent oefficient(,),the softening of this coefficient triggers two phase transi-

tions either at different or at the same tenperatureoln this latter casewhich is

realized for sufficient large values of the coupling coefficient C, th6 spontaneous

values of p change the coefficient at q inducing a transition in q.The soft vibra-

tIcmal mode of the high symtry phase remains related to the prinary* (PWbut the

space group of the low ymtry phase is the ntersection of the symetries deter-

mined separately by p and q.In addition to this remarkable property,other feetures

allow the Mentifioation of trigger*d phase transitionsnumely a Comeax domin

structure depending on the poesible orientation of two OP having different symetry

propertiessor the mixed behaviour of the dielectric constant(proper below the Curie

pointinproper above). Bismuth titanate6 has been propose( as an illustrative example
of the preceding model though the available data are still Inoplete for this

material.

The phase diagram of (1) when A. B? 0 has beem discussed by Gufan and Lwftno
It displays various sets of successive(and possibly simultaneous) transitions with
intersecting lines of second and first order transitions.

2) 72e FE is of the types
1PA2 +Ap4+ p 6 +Bq2 44+ j 6 + W2(2

with a linear-qudratic coupling term which oen be f imed if at least om of the

two P In spanned by a mltiAimensioml IRO the thAwaetlel ground thin It has

been dhesm to be onneed -o the siataw condenstion two mde1si1i3 .h-

sides, it has been used to deesnibeaurately the experimental data of prUcalar

stems.In Bermites 2 the low temperaturs phsse a the rieih t amommaiy bave

been explalned by a mehl In which the eIspe m of th p4mawiUti Ia the

role of the prinmy (W triggerig a six emonenta easociated to an IR at the

cubic apuc p p 5--at the Bz lcola m besry, In umml.5 f' "high a do-d
tailed numericel motel has been propceedothe rimo and trIggered 0 pos

respectively two And three eenpGeib.In this mteinlotho oWmpli to Matcsoole
quantitiee which axe not ymatry breaking parameter. has been ecendered.t as

been shown that such a copling does not affect the dynamicl properties of the

_ i
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crystal while the coupling betuween the OP p and q is likely to be active both in

its static and dynamic behaviours.0n the other hand quantitative values show 5that

in Densil,the triggering though essential to explain the symetry characteristics of

the transition Influences owly weakly the other physical propeties

The two FS considered in 1) and 2) sumarize the qualitative situatios which

may be encountered for structural transitions Induced by two 0P.Numericel models

should also take into account the actual symetry of the CP and higher degree cu-

plings.Besides when dealing with transitions towards Incommensurate phases other

type of coupling~invalving the space derivatives of the CP *must be considered.This

brings us to a third case.

3The onset of Intermediate inomensurate phaesasuch as In Sodum nitrite or

Thiourea 8 has been attributed to the coupling of two distinct OP whose transfor-

mation properties allow an antisymmetric invariant of the type:a

dx dx()
If we consider p and q as the amplitudes of two different normal modes of the crys-

tal,(3) expresee the existence of a rel.ative maxim=m In the lowest modo due to their

Interacticn.This situation can be ratcognised when a commensurate phase &generally

stable at lower tempenture, is related to an IR of the high temperature commensu-

rate phase which doss not transform like (3)In Sodium nitrite and Thiourea the low

temperature consurate phase isconnected to a one dimensional IR of the orthorhom-

bic BrIllouin zone center so that the construction of an invariant of type (3) needs

to recourse to two distinct IR at that point *The preceding model Is however far from

being experimentally confirmed as It doss nct explain the complex set of phases which

is for instance observed In Thiourea.
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LATTICE DYNAMICS OF THE CUBIC-TETRAGONAL PHASE TRANSITION IN KNbO3

M.D. Fontana, G.E. Kugel and C. Carabatos

University of Metz, Ile du Saulcy, 57045 Metz, Fance

Abstract. - The dynamical properties in the cubic and the tetragonal phases
of KNbO 3 are described on the basis of the same shell model. Calculations
clearly show the strong influence of the intraionic oxygen polarizability on
the ferroelectric mode behaviour in both phases.

1.Introduction. - KNbO 3 continues to be of a particular interest among ferroelectric

(FE) materials because it undergoes three successive phase transitions, whose mecha-

nism is the object of many controversies. Inelastic neutron scattering measurements
I

performed in the tetragonal phase (T - 245°C) reveal the presence of a low-frequency

E(TO) zone center mode together with an high anisotropy in the lowest phonon branches

which can be related to the existence of strong correlations along the <100> axes

between the large motions associated to the soft modes. Recent infrared reflectivity

measurements 2 clearly show the softening of the lowest-frequency Flu phonon with

decreasing temperature in the entire range of the cubic phase (425"C<T<910*C).

Lattice-dynamical calculations are carried out for the cubic (O space group)

and the tetragonal (Cl space group) phases in order to explain the main experimental

features. The aim of this paper is to show, for the first time, that the dispersion

curves for both phases can be described satisfactorily by the same harmonic model.

2. Description of the model. - In this work for the cubic phase we use the model

developped by Cowley3 for SrTiO3 with axially symmetric short-range force constants

A and B between nearest neighbours (K-O, Vb-O, 0-0). In addition we allow an aniso-

tropy in the oxygen core-shell coupling constant k (O) as previously suggested by
Kigoni et al.4 for both SrTiO3 and KTaO3 . Therefore the components of the tensor k (O)
in the directions of reighbouring K and Nb ions are denoted k (O-K) and k (O-1) respec-

tively. This leads to a 15 parameters model for the cabic '

phase (Table 1).

Since the symtry is lower in the tet.agonal phase

(Figure 1), the number of parameters is, in priciple,91

larger than in the cubic phase. Using simple geoetry argo- -
[ y

--ns we re able to deive the parametes of the t~tragon,1al
phase from those of the cubic structure. Consequently, the
short-range onstants of the titagor~l phare expressed "

as fnmctions of tba lattice paramters c and a, of the Fig. I Tetragonal unit
cell

cc,_, . ,___-,__'_____ .. ..
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spontaneous ionic displacements 6, measured by Hewat 5 , and of the set of parameters A

and B, already defined in the cubic phase. Furthermore, in the tetragonal phase, we

distinguish two kinds of oxygen ions, 0(i) (located on the polar axis passing through

the Nb ion) and 0(2) or 0(3) (in the plane perpendicular). Consequently we allow the

parameter k(O(j)-Nb) to be different from the parameters k(O( 2 )-Nb) and k(O(3)-Nb).

3. Results and discussion. - For the tetragonal phase, the dispersion curves are cal-

culated with parameters adjusted to the results of inelastic neutron
I and Raman6

scattering measurements. The experimental data are quite satisfactorily reproduced

by the model calculations (Fig. 2) except for the A2 (TOkbranch near the zone boundary

This failure may be due to the large anharmonic coupling between acoustic and soft

optic phonons in this direction. The strong anisotropy in the lowest dispersion

branches is interesting to notice together with an anticrossing and eigenvector ex-

change between optic and acoustic A2 branches, which take place approximately at 1/3

of the Brillouin zone edge. The soft E(TO) phonoa at q=O is essentially characterized

by a large vibrationnal amplitude of the niobium ion relative to the oxygen ion loca-

ted along the mode polarization direction. Moreover the Einstein oscillator response

of this mode in the whole Brillouin zone confirms the presence of dynamical correla-

tion chains Nb-O-Nb directed along the ClOO] and [O10I axes'. This shows the validi-

ty of the linear chain model for describing the soft mode behaviour in perovskites,

as emphasized by Bilz et al.7 for KTaO3 .

For the cubic phase, the phonon branches are obtained with the parameter va-

lues previously used in the tetragonal phase, except for the coupling k(O-Nb)

(Table 1). In figure 2 the calculations are compared with the experimental data of

Nunes et al. 8 In addition to the large anisotropy in the phonon dispersion surface,

we can also note the softening of the lowest Flu phonon with a relatively slight

L NA A

Figu.l 2 Calculated dispersion cA2ves of DO 3 in the tetragoml and cubic phass

comare viu serisental data of Usfs 1,6 and 3sf. 8 respectively. The dotted
curves Corr.,stikendl to k(o-Nib) - 131

e2 /Iv j e 2 /v

I ~27j65(129) (129)

Table 1 : Shell lldeil patetrs. Th vailues into blrikts correspond to the cubic
phausl.
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change in the value of k (0-Nb). The other zone-centre modes are nearly insensitive to

this variation.

At the cubic-tetragonal phase transition, therefore, the splitting and the

frequency shift 6 of these phonons depend only on the geometrical effect in the force

constants. On the contrary, the large separation of the FE soft Flu phonon into a

soft Z component (1.55 THz) and a hardened A1 (8.35 mz) essentially originates from

a k(O ()-Nb) value larger than k(O( 2 )-Nb) (Table 1).

All these results emphasize the role of the intraionic oxygen polarizability

in the phase transition mechanism of KNbO3 . This polarizability is dynamically enhan-

ced by the hybridization of oxygen 2p states with niobium 4d states9 in the direction

of the chain like coupling Nb-O-Nb. This leads to a softening of the lowest cubic

Flu(TO) and tetragonal 3(TO) modes. At the phase transition, the disappearance of

the [001 correlation due to the asymmtry of the M-a--Mb bound is related to the

abrupt change in the value of k(O-Nb) along the polar direction, and therefore to

the stabilization of the ferroeloctric Al (TO) omoment.

In order to specify the behaviour of the oxygen polarizability, calculations

with a model including the temperature dependence of the soft mode are actually in

progress.
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ON THE Si-O-Si BOND ANGLE IN a- AND O-QUARTZ

B. Dorner , H. Boysen , F. Frey and H. Grimm

ILL Grenble, fr mnce
* .ngt. f. KrietaZZographie, Univ. NaUhen, F.R.G.

*IFF-FA JiLZioh, P.R.G.

Abstract.- The structural change from a to $-quartz is accompa-
nlejd yan enlargement of the Si-O-Si bond angle with increasing
temperature. At the same time the SiO4 tetrahedra shrink. The
speculative explanation is that with increasing temperature the
electron density on the Si atom adopts some d-type components.
The soft mode at r and another strongly temperature dependent
mode at M reflect the structural changes.

Quartz undergoes a structural phase transition of first order at 5730C
from a trigonal a-phase to the hexagonal 8-phase. The r-point soft mode
in a-quartz and its temperature dependence was observed by Raman
scattering /1,2/. An eigenvector det--rmination /3/ confirmed that the
mode at 6.25 THz at room temperature has the displacements as expected
from the strubtural change /4/ for the soft mode.

Grimm and Dorner /5/ conceived a model of regular rigid SiO 4 te-
trahedra assuming that the tedrahedra stay undeformed at all temperatures. l
The B-phase is produced out of the B-phase by rotations of the tetra-

hedra around two-fold axes which are parallel to the hexagonal plane.
The tilt angle 6 can be interpreted as the order parameter. The order

parameter connected to a first order Phse transformation

was fitted to the structural data /4/. Here T0 is the temperature at

which the phase tranformation occurs. At T - Tc the coefficient of the I
quadratic term in a Landau expansion of the free energy goes to zero.
aoin the step in the order parameter which appears at To . There are

two parameters to be fittedt6 o - 7.3 ° and To - Tc - 10 0 C. This model

is very successful as it describes the structural parameters, one for
Si and three for 0, versus temperature very well. The components of
the eiqenvector of the soft modo at room temperature as determined ex-
perimentally /3/, could be calculated in perfect agreement including

the coupling of the secondary order parameter. But the temperature de-
pendence of the lattice constants a and c /6/ differs strongly from the
predictions of the model, see Fig. 1.
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1.03

Z ,

0/ model /5/ of rigid StO4ttztetrahedrain -quartz for the

1_ 01 0 disordered 8tructure, ----
, " .... "" o for the ideal O-phaae* x- -

TI perimental data /6/.
Z0 0 200 3 W.030 500 6 W 700

TEMPERATURE [°C]
Apparently the lattice expands le1s than predicted from the model.

Note that the usual thermal expansion by anharmonicity is ndt con-sidered by the model. As the structure is built up by corner connected

tetrahedra, the only possible conclusion it that the tetrahedra shrink

with increasing temperature. obviously the deformation of the tetrahe-
dra is aninotropic and much stronger for components contributing to c.

Another important feature is the bond angle (BA) Si-O-Si being
143.6°0 at room temperature and having a maximum possible within the
quartz structure, with 153.1 in the ideal S--pructure. The soft mode

in the 0-phase, overdmped at all accessible temperatures /3/, has an

eigenvector which leaves the tetrahedra rigid and does not vary the BA.This mean that adjacent tetrahedra move oly perpendicular to the Si-

O-Si plane with a small restoring force.

Recently we discovered another strongly temperature dependent mode

at the o points /7/. It softens from 3.61 THz at rhe temperature to
.82 THz in the -phase. An eigenvector determination revealed that

this mode in o-quartz leaves the S O 4 tetrohedra rigid and does not

bend the BA just like the real soft mode.
model calculataon /8/included this bond angle force(A e ent lli y

a three body force) by a central force between Si-Si atom$. A c81cu--,
lation of the temperature dependence for the soft mode and for the mode

at the H-point /8/ was performsd~by using t he force 6onstenta aa fitted
at room temperature /9/ and inserting atomic positlons corresponding

to the structure at each t1perature. The calculated modes soften with

increasing temperature. An inspection of the calculated eigenvectors
showed that the Si-Sp dhselac vt atal asiller with increasing tempera-

ture, this means that the BA has smaller amplitudes at higher tempera-
ture. Only in th adjae te two modes do not bend the rA in the

Si-O-Si plane.
Very probably the Si-O-S bonds play a dominant role in the struc-

thsmd nSqat lae h *4ttaedargdsdde o
ben. th.BAjus lik thelsf oe

Ioe acltos//icue hi odagefre~setal
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tural changes of quartz. It has been suggested /10/ that the electron

density on the Si atom may change with temperature such that from the

basic up 3 hybridisation some density becomes d-type. The d-type compo-

nents would built v-bond. to the oxygen p-electrons leading to a 1800

BA while the up 3hybridisation would produce a-bonds leading to a BA

near 900 if the structure would allow. This speculation explains why the

BA increases to a maximum with temperature. The maximum (extremum) of

the BA is connected to a.higher symm etric phase. Thus there has to
appear a phase transformation and as it is a displacive one, we expect
a soft mode'. The driving mechanism is the electron density on the Si-
atom. The speculation does not explain why the $-phase has a slightly
disordered structure /11/ with a BA - 150.10 rather than 153.10 .O

the other hand this increasing contribution of w-bond character ex-
plains the fact that the tetrahedra shrink with increasing temperature
because the v-bond tightens the Si-0 bond.

/I/ 8.31. Shapiro, D.C. O'Shea and H.Z. Cumumins; Phys. Rev. Lett. 19,

361 (1967)

/2/ J.?., Scott; Rhys. Rev. Lett. 21, 907 (1968)

/3/ J.D. Axe and G. Shirane; Phys. Rev. B1, 342 (1970)

/4/ LiA. Young; Air Force Office of Scientific Res. Rep. 2569 (1962)

/5/ H. Grim and B. Dorner; J. Phys.-Chain. Solids 36, 4037 (1075)

/6/ C.A. Sorrell, H.U. Anderson and R.J. Ackermann; J. Appl. Cryst. 1
/7/ H.Bo~telj B . Varner, F. Frey and 11. Grimm; 1. Phys. C 13, 6127

/8/ T.H.K. Narron, C.C. Nuang,- amSd A. Pasternak; J7. Phys. C 9, 3925
(1976)

/9/ B. Domaer, N. Grimmi and H. ftanyt J. Phys. C, 13, 6607 (1980)

/10/ IO.W.J. Cruickshank; 3r."Chem. Soc. 1077, 5486 (1961)

/11/ A.?. Wright and M. Lebaam J. S911A St. Chew.
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DYNAMICS IN DISPLACIVE PHASE TRANSITIONS

R. Engiman

IeraeZ Atomic Lergy Comiesion, Soreq

Nuclear Research Center, YaVnes IraeZ

Abstract.- First passage rates of an interacting, anhamonic system of
phonons (sae of which are ustable, soft) are calculated as function of
temperature. The classical equations of motion are amended by 9 non-
local term representing tunnelling.

1. Introduction.- Studies(1'2 ) of the approach of large systems to a new confiu-

ration present pictures of a limited number of degrees of freedom (soft modes)

that have several points of stability and are in interaction with other (hard)

degrees of freedom or with a random force-field. The theoretical methods utilize

Fokker-Planck or master-equations. Experimentally soft mode dynamics have been

investigated, e.g. by ln scattering.(3) Times of passage to the new equilib-
rium point (4) vary widely, between 10-10 8 tim inverse lattice frequenie s

I:and the factors that influence this variation aro of nterest.

For phonon-physics and In studies of displacive first order transitions (as

in Cu or Fe-doped spinels) theories of fluctuation-nduced phase-transitions are

insufficiently productive since (a) they treat mainly the vicinity of the bifur-

cation point, whereas most of the passage time is taken up far from this point and

(b) quantum mechanical tunnelling is not included in the classical studies.

2. Desription.- Our treatment (which follows on a previous work(6 )) is for a

monatomic, anharmonic lattice which is unstable in some low-frequency modes. The

modes are admixed by qxqxq-type enharmonic terms whose strengths are about .1

in units of zero point motion, the mode mixing operating among adjacent,as well as

within, wave-number shells and are critical for the transition. In our computa-

tion the Brillouin zone is divided into calls, numbering up to 103 . The soft modes

possess cubic terms (of strengths .02-.06) whose physical affect on the passage

resembles that of a second minimim (see Fig. 1). In the equations of motion of

the soft mod*s we add to the kinmtic velocity a tumelling term

% - q1.1' ez[-(Vm-V)A.] (1)

Ik
"" _ a . . .. . .'. , ' '

. . .. .. , " " . .. . . " , a ,
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where w is the (harmonic) soft mode frequency, H the atomic mass, V the local

potential and V nax the height of the maximum in the potential being a function of

the remaining coordinates. The exponential form is exact in the WB-approximation

for a parabolic barrier. (7) Initial conditions for the modes at their minima

assume a thermal distribution in the velocities squared.

3. Results.- First passage rates have been calculated for a monatoaic, Debye-type

lattice having dynamic properties and mean mass equal to those of MgO. As is well

known, (2) the rates depend heavily on the initial conditions and emphasis is placed

on fast passage conditions (lef tward initial velocities). Rates shown in Fig. 2

as function of temperature T are those for soft modes occupying about 1.5Z of the

Brillouia zone. To test the effect of the tuselling, Eq. (1), calculatlons were

also made for a lattice whose man mass is reduced by 20, i.e. for a proton lattice

with the bonding properties of MgO. Down to 1.2°1 (% .8 ca-l ) the effect of

tunnelling on the transition is small but is still distinguishable below 200K.
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Fig. 1.- Forms of potentials used for soft modes (full curve) and hard modes
(dotted curve). The broken curve is a cubic approximation to the soft-Mode
potential.
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Fig. 2.-;Ph... transition rat". (in uuit, of sound-valocity over lattice spacing)
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PHONON INDUCED ANOMALOUS RESISTIVITY IN STRUCTURAL PHASE TRANSITION OF

PbSnTe

T. Suski and S. Katayama*

High Pressure Research Center, Potish Academy of Sciences, Warsaw, Sokoowska
29, PoZand

Department of Physics, Osaka University, 1-1 Machikane-yama, Toyonaka, 560
Japan

Abstract.- We report an anomalous electrical resistivity incre-
ment Ap on PbSnTe near the vicinity of the structural phase
transition temperature Tc. Applying hydrostatic pressure lowers
Tc and leads to a decrease of Ap. It is reasonably interpreted
that Ap is due to the free carrier scattering from the soft TO
phonon. The observed initial slope of Tc with increasing pres-
sure is also discussed by using the Littlewood formula.

1. Introduction.- The IV-VI compound semiconductors such as (Pb,Ge,Sn)-

Te alloys exhibit a structural phase transition from rocksalt struc-

ture to rhombohedrally distorted structure.1 The softening of the

transverse optical (TO) phonon at q-0 indicates the structural insta-

bility iin the s mall gap materials. A sequence of recent experiments

have elucida,..d the nature of instability associated with the inter-

band electron-phonon coupling. 2 In particular PbSnTe has attracted our

attention on the "zero" gap nature as well as on the phase transition.

The purpose of present paper is to report the electrical transport

measurements on Pb 1 xSnxTe (x=0.44, 0.54, 0.80 and 0.86) from 4.2 to

150 K by applying hydrostatic pressure. From the anomalous portion of

resistivity near T under pressure, we explore the pressure dependence
c

of T c as well as the free carrier scattering mechanism giving rise to
Ap.

2. Experiments.- Measurements of Hall coefficient R and resistivity p

were made for solution grown single crystal by using the technique of
helium gas compression to produce the hydrostatic pressures. Details

of crystal characterization were given elsewhere. 3,4

3. Results an Analysis.- Since Kobayashi et al. 5 found a resistivity
anomaly near 100 X in SnTa, many authors have investigated th, anoma-
lous increase in p(T) on PbSnTe3'6 and PbGeTe

6 near Tc . Suski at al.
7

have observed Ap in PbSnTe by applying pressure. In Fig.l, as a typi-

cal example, we show p(T) vs. temperature(T) in Pb0 .56Sn0 .44 Te with

carrier concentration p-2.3 x 101 9cm- 3 at four different pressures.

I _ _ _ _ _
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,2 ,L ,S,,T,1 baTer

:T T r dOebp e e

0 20 40 ' p at four pressures. Solid lines
Terpeotr K)and denote calculations and
T~ra~ ( ) experiments which are obtained by

_____ pvs.T a fou prssues.subtracting the smooth background
Fig p1 s tfurpesrs from p in Fig. 1.

There appears a prominent cusp-like anomaly Ap for each pressure. The
lowering peak shift with increasing pressure corresponds to decrease
of Tc* According to earlier theoretical analysis on SnTe8 , Ap in PSnde

Smay also be due to the carrier scattering from the soft TO mode. l -
i it form of resistivity by the TO honon scattering 0TO is given by 8

322
2fikFr 2< )FTO J522o dnnn(TO(kF) [l+n( T(kF) ) ] (1)

where TOqis the TO phonon frequency as 2T(q)--T(T).+ A 2  
F

N(EF) and inTO, respectively, are the Fermi wave number, the density of

state at the Fermi level EF and the matrix element invioving the inter-

T*

band electron-phonon ceforination potential ~V If we used a high tem-

perature expression for the Planck distribution function as n(w) ukT4m
in Eq. (l), OTO is proportional to T.

T @ .,n~eFigure 2 shows the calculated PTO by aq.
i (1) and the experimental points from

- ig.l as a function of T at forpres-
.^,, .'-. 'n sures on Pb0 .5 6Sn0.44Te. The value of

Ilv/K is estimated to be 2.44 x 1065

I "' "''" eVcm isee which is obtained by fitting
i =0.66 I---- TO with Ap at I bar. The overall fea-

~ture in tip is yell reproduced by PTO s

that Aip mainly comes frm the soft mode

, I , I ,bar ,

0t0OU 15 scattering. Note that the cusp-like

P~e~u~e anoalyaround Tc  n PTO is prdue by

:ig 3 AO(T c ) e. pressure. the mean field behavior of WTO as

.65 % -4 - ol.I

cT 6 . • ! m
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W 2 (T-T) for T>T0 and w ,2 .2(T -T) for T<T0  In Fig.3, ye plotted

Ap at Tc; tAp(Tc) vs. pressure for all samples. The solid curves denote

the calculations by using p TO(T c)ingT with the observed values of T .

g is adjusted for each curve to agree with Ap at 1 bar. We ignored the

pressure dependence of the energy gap Egi 1 effective mass m* and A wich
give g in some combination. This approximation may be permitted as long

I2 as we are concerned with the carrier
F P5NrTe concentrations higher than 1019013-3 as

. well as low pressure less than 1 Ibar.

9!80 IWOWe can see a good correlation between
- 7 data and calculations.* There appears a

- -.R' 1 small discrepancy above 0.5 Kbar which

J60 .,imay be attributed to our ignoring of
- - -the pressure dependence of Rg , m and A.

in Fig.4, we summerized Tvs. tin

compositions x at 0.001, 1 and 1.5 Fbar

,140 .-~ 5Ko in the four compositions 5with adding
9 8.5 K in SnTe at 1 bar. 5 When ye do not

have data just at l and 1.5 Rbar, the
' 0.5 Q6 Q7 Q8 0.9 1.0 values estimated by inter- and extrapo-

X lation are plotted. The observed iritial
Fi c:Tv~ ne rsue slope of Tc with increasing pressure are

estimated to be -14.5, -15.1, -13.4 and -15.0 .K/Thar for x-0.44, 0.54,

0.80 and 0.86, respectively. According to the Littlewood formla9, dT^4
for x-0.44, 0.54, 0.80 and 0.86, respectively, are -12.5, -1U.6, -11.8 an

-1l.9K/Thar. The trend and order of magnitude agree well with aerimoder
In conclusion we reemphasize that the observed behavior of tip unde

pressure in PbSnTe near Tc is veil understood by assuming the soft TO
phonon scattering with w described by the mean field scheme.TO

The impowtant contribution of Dr.M.Baj is gratefully acknowledged.
One of us (S.K.) thanks Pr~f.K.IMurase for his fruitf44sc sions. we
are also indebted to Drs. K.L.I.Kobsyashi and K.F.Ko at=aafor
supplying specimens.
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A RAMAN STUDY OF THE STRUCTURAL PHASE TRANSITION IN DISORDERED

KMn 0.8 5 Ni0.1 5 F3

D.J. Lockwood and G.J. Coombse

Physice Division, NationaZ Research Council, Ottawa, Canada KiA OR6

*Physics Department, University of New South Wales, Kensington, Australia

Abstract.- KHn_ i.. 3 has been studied to investigate the effect of disorder
on the structural plise transition at 186 K in KMnP 3. This transition was
found at - 130 K in ton0 .85Ni0.10S but was not observed in other crystals
having x • 0.5. Disorder mainly affects Tc and not the phonon behaviour.
Present results are consistent with'a linear extrapolation of Tc to 0 K at
x - 0.5.

1. Introduction.- The presence of defects can substantially alter structural phase

transition temperatures. Although the origins of this change are poorly understood

It Is now believed that defects influence phase transitions in different ways

depending on the sign of the specific heat exponent.1 We have investigated the

disordered system Xmn 1_x N x 3 where the critical properties should be the sawe as

those of pare RfnF 3 , which possesses two structural phase transitions. 2

2. I£xoerngut and Results.- Raman asasurements were performed oan several alloys

following the procedure given in Ref. 3. The incident and scattered beams were

directed along the cubic principal axs (X and Y, say).

A structural phase, transition was observed in only one (x - 0.15) of the mixed

crystals studied at temperatures ; 5 K. Low temperature spectra for this crystal

ans shown in filpre 1. Spectra In off-diagonal polarisatioun were essentially

identical because of domain Indseed mixing. The broad peaks near 330 and 145 ci-1

atsie from twa-ugno excitations 3 while those to lower frequency (near 25 and

70 eu" l) are probably two-phonos bnud. The narrow lines are assiLgned to first-

order phonoe scattering (s,' table 1). The 127 and 236 tir lides I off-dIagonal
polarisation are too strong to be attributable to depolarisatio of lines at

similar f re"uncis In the (ZZ) fprecu. Af at the liL ms dipd.h in intomtt

and eventually vanish with Increasing temperature as is shaow, for *emple, In

f gare 2. These remlts 1 , cate T - 130 1 5 K. The peak frequency of the soft

mode at 17.4 ca"1 renormlisas relatively slowly at first with increasing

temperature bt is overdesped by 60 K (see fispre 5(a) of Ref. 3). Tbis, together

with the low frequency, made it difficult to extract a detailed temperature

dependence. The remaining mde shift little in frequency with increasing

temperature.

. o -
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Table 1. Assignments and peak frequencies (cm- 1) of Ranu active

modes in tetragonal n INi' 3.

Assignment x . 03 x - 0.15

(100 K) (6 K)

R 20.5 (zX) -

Aig 62 (ZZ) 17.4 (zz)

a 116 (ZX) 127 (XY+ZY)

B2g 124 (YT) 127.9 (zz)
Ks  227.5 (ZX) 238 (XY+ZY)

1 2g 231 (YT) 238.2 (zz)

51g 327.5 (YX) 340.5 (XY-Z¥)

3. Discussion.- Conparison with results obtained from pure 9m 3 (see table 1)

indicates that the 130 K phase transition in IMn0.&5NiG. sF derives from the same

cubic-tetragonal phase chanip associated with condensation of the cubic-phase Ris

sodes. 3 The intesity of the hard sode at 238 cm- 1 has a similar reduced

temperature dependence to that found for the analogous line in MW 33 'and provides a

mesare of the order parasmter. The &jg soft ndes in in? 3 and Mio. 655 s.1513

also have a similar, teperature dependence. artbes sore, the bard and set mde

daeping for x - 0.15 is comparable with that found for x 0 0. Ta ttw critieal lj
properties at the mixed crystal we tl same as thee of pure *I.1 3 , as predicted by
theory. The mai effect of disordr appears & a lowering of the pbse trameitta

temperature and a asl"er anisotropy in Z -f made frequencies, Implying an

increased umsistance asgalat 115 Vde softening. Preeat roselto are consisteat

with a linear extrapolation of T& from 186 K at x 0 to 0 K at x - 0.5, ae I shsm

In figare 3.

A inJ m t- 1 terimt.-d work was perfocead at Mw intmrgb University
Physics Department with support from the SRC and the US Ary Office of Scientific
Research.
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oNON-CENTRALo PEAKS IN LIGHT SCATTERING SPECTRA OF LITHIUM TANTALATE

AND QUARTZ AT PHASE TRANSITION

V.S. Gorelik, B.S. Umarov* and H. Umarov*

P. Lebedev Physical, institute, Moscow, U.S.S.R.

*S. Uanoio Phyeicotechnical institute, Dushanbe, U.S.S.R.

In a number of works /1-3/ anomalous Increasing of the central peak

intensity was found. One of the reasons of this anomaly may be a dy-

namical effect /4,5/, caused by the softening of one of the vibra-

tions of crystal lattice, responsible for the structural phase tran-

sition in the crystal.
To separate these effects the study of the temperature depend-

once of noncentral peak ((i= 0--W, hereC.)0 is exciting light
frequenc7, S is frequency shift) intensity has been carried out in

the present Work. The value of the frequoy shiftS fremained un-
changed during scattered light registration by the Raman spectrome-

ter,'/6/. So the gratings of the spectrometer are in a fixed position
whoam, the temperature is changed. We cl .spoctra obtained by this

method isofrequemoy spectra.
Analysis of he S isofrequency dependence may be carried out

using the general theoz ,o0 light scattering near the second order

phase trMsition point /49, / Zn one soft node approxziation In this

theeoq tbe following expression for the A spectral Intensity wasJ

obtalneds

where :Y(aT)i Ithe obserted spectral inteusity, X0 T in the ine-
iaL scattering intensity,. o an are corresponding soft mode para-

meters, T in the crystal temperature. Below the transition point ex-

pression (1) may be written as follws

( ,X) = 2A 26 (2)

Be", 4 is the corepomding ooefficiant: in the theziodynamical po-
test . deomoift0i aoording to the order par metwr, X =e-T

Is Phae transition temperature; besides, in (2) instead of the

7'

i .... F .
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observed spectral intensity 1 (. ) reduced spectral intensity
is used: Lfx>K I.. )i

T()
where r% is some coefficient independent of the temperature.

Fig. I shows the calculated results of the HS isofrequehoy de-

pendence according to (2), obtained for the frequency value £1 = 1,

3,5 and 10 oCi*' for certain values of the paraestoe A0 end r. This

choice of the parame~es corresponds to the stxohag3l ovezdamped soft

vibraion fr X~ = 201. As one can see from Fig.1 dependencies
under discussion have a well-expressed maximumi, X0oodiaeo
which tends to zeo when Q decreases. At the sameo time intensity of

the mazu L.(X) increases and the width of the corresponding con-

toors decreases (see Fig. 1). Ucperimental results of, the isofroquen-

Sc * .sclclaedscod-A

Z$04 2 eCO-- rIom rx9r0 i t 3 Air, t m p ra

decis calculaed lsooz-

When ~ i =1±-ogao ~ ~ ~ ~ ~ i -1 and hItt~aeo7Se

4K 6 4020 -20-0 60 80 r-idaw-_ whre a 9-T
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I-4

1~-4

..... ,:3. Observed isofreq ,Omn_
70OO N 0 00 o ,K do--leS of 1itS' Ju.tPT)

quartz crystals; 0;= 846K.

the scattering intensity is observed when the crystal temperature

approaches the phase transition point. Maxlimai of the intensity is

observed at T i 0; the less is A the nearer to the transition point

is the position of maximum (in 11..2,3 shown on the right). Beside
this, at the phase transition point in quarts additional sharp maxi-
mu. is observed for mall valuesQ. This mai u appears to be of

static origin. On the whole, the depenencies observed ame in agree-
sent with theoretical values (1;Lg.1) for certain values of A0 eand r
parameters.

thus, the stv of the isofrequeney Rama ecattering spectra
allows to reveal dynamioal effects, resp usible for the scattered
light Intensity Increasiag and to obtain quantitative information on

soft mode parameters in the direct proximity to the phase transition
point in the crysal.
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jgW, 675, 19;9.

2. ShapirO .. , Cummins E.Z. - Pbys.Re.rao., 1968, v.21, p.1578.

3. Iqons K.B., Pleygy P.A. In light Scatttlng in Solids. Plenm
Press, low York, 1979, p.,37.

4. Ginsburg V.L. Uspekbi fiasbedh nauk. 77, el, 1962.
5. Ginsburg V.L. Levanyuk A.P., '.&;*.A. Uspe~hi lisiheskikh

nauk, 130, 614, 1980.
6. Govelik V.., vamova S.V., X I.)., st cv 1"., Ihete-

MY A.A. - 8Ol.8ftJ .(Soa. V , 229 976.
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RAMAN SCATTERINS STUDY OF LOW FREQUENCY PHONON POLARITONS IN SEVERAL

CRYSTALS

S. Ko i-a and T. Wakawu-a

Institute of Applied Physics, University of Taukuba, Sakura, Ibaraki 305,
Japan

*Thze Institute for. Solid State Physics, Mei Univesity of Tokyo, Rioppongi,
Minto-& i, Tokyo 108. Japan

Abstract.- Dispersion relations of low-frequency phonon polar-
itons have been investigated by the near-forward Raman scatter-
ing technique. The results of measurements are giren for the
crystals Sr2 Nb20 7 , LiTaO3 and Gd2 (mo 4) 3"

1. Introduction.- Dispersion relations of low-frequency phonon polar-
itons in the crystals, which undergo structural phase transitions,give

important information about the mechanism of the transitions. However,
in fact, measurements of low-frequency polaritons require observations

of near-forward Raman scattering at very small angles. So polariton
peaks are obscured by the wing of the Rayleigh line. For such a prob-
lem, the iodine filter technique has been used to reject the Rayleigh
component. In that case complicated compensations are required. On

the other hand, the recent development of concave holographic gratings
enables a double monochromator to improve the stray light rejection up
to 10- 14 (usually 10-10  10-12). In this work, low-frequency polar-

itons have been measured by the combination of the double monochro-
mator and the optical system designed for this purpose.

2. Experimentals.- The samples were excited by an incident beam at
5145A from Ar ion lamer. The scattered light from the samples was
selected by a stopper with two cocentric arc-shaped syetric holes

and was collected onto the entrance slit of a double monochromator
(Jobin Yvon RaxmAnorH g.2). The detector used was cooled photomulti-
plier(HTV-R649S) and the output current was analysed with the usual

photon counting technique.

3. Fasults.
3-1. az Xb20.
Stropktiun liobate Sr 9b 07 in *he of the AZ2tO1 type oxide- cor-

pamnds rith a pezovskite slab structure. It undergoes a f.;roeleoctric
phase tresitiok at about 13426C with'a point group change from to

W t.
Ff "
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mam2 and has a spontaneous polarization along the c-axis.
1 At about

2150C, another transition occurs and transforms into an incommensurate

phase modulated with the wave vector t=±(I-0)-a* (where -* is a recip-

rocal lattice vector) 
2

As to the lattice instability, Kojima et al. has found an ampli-

tude mode responsible for the normal-incommensurate phase transition3
at 2150C by the backward Raman scattering technique. Namely, a mode

located at 44cm -l in b(cc)b scattering spectra shows softening at

first with increasing temperature from room temperature. Next, level

repulsion and intensity transfer take place between the soft mode and

another mode located at 28cm -1 . With further increasing temperature,

the lower mode begins to soften toward 215°C.
In the present work, near-forward Raman scattering measurements

have been made for studying A1 (z) polaritons. In the low frequency

region, the polariton effect has been observed for the amplitude mode

located at 44cm-1 and the mode located 54cm "1 at b(cc)b+a scattering
4c1geometry. As the peak at 54cm-  approaches to the peak at 44cm- 1 in

the spectra, an intensity transfer between the two modes occurs. Then

the peak at 44cm -I tends to zero in decreasing q. No anomaly of po-

lariton line shapes induced by a coupling to another lower mode at

28cm-1 has been detected, although, in the case of temperature depend-

ence, anti-crossing between the mode 44cm- I and the mode at 28cm- 1

occurs. The absence of anti-crossing in polariton dispersion curves

suggests that the mode at 28cm" I of which oscillator strength is ex-

tremely weak does not interact with photon.

The high-temperature behavior of the low frequency parts in

b(cc)b scattering spectra has also been investigated. The remarkable

softening and the line-broadening of the mode at 54cm- 1 have been
clearly observed in approaching the transition point 1342*C.

3-2. LiTaO3

Litium Tantalate LiTaO3 is one crystal of technological impor-
tance. It undergoes a ferroelectric phase transition at about 620eC.
Recently, Penna et al. reported the anomalous leveling in the low

wave number region of the A1 (z) polaritons, which was attributed to

finite propagation lengths of polaritons.4 The propagation length of

polaritoas was introduced by Penna et al. and is determined by the

destruction of polaritons due to domain wall distributions.
The lowest branch of the Ai(z) polaritons has been accurately

measured. Polariton peaks were clearly observed in the region w >

14cm'" . The obtained relation w vs. q is nearly straight in the
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region q > lO0cm- 1 and such an effect reported by Penna et al. has not

been observed.

3-3. Gd2 (MOO 4 ) 3
Gadolinium Molybdate Gd2 (MOO4)3 undergoes a ferroelectric phase

transition at about 1600C.5 Neutron scattering studies have shown

that above T there is a doubly degenerate soft phonon at Brillouinc

zone-boundary (M point) associated with the transition. Fleury re-

ported a soft mode with AI(z) symmetry at about 46cm-1 at room tem-
perature. He found by the single damped oscillator fitting that the
temperature dependence of the mode frequency is not remarkable,
however, the line-width of the mode increases rapidly toward Tc with

increasing temperature.
In the present study, the polariton effect for the soft mode has

been investigated at room temperature. Near-forward Raman scattering
measurements have been made at a(cc)a+Ab geometry. With decreasing

the polariton vector q, the anomalous line-broadening of the polar-
itons at about 46cm- 1 has been observed. The result suggests the
strong frequency dependence of the damping factor of the soft mode.

The detailed experimental procedure and analysis will be pub-

lished elsewhere.
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SOFT PHONONS AND MAGNETIC ORDERING IN THE Y-PHASE TRANSITION METAL

ALLOYS Fe 1 -XPdx

M. Sato , B.H. Grier, S.M. Shapiro and H. Miyajima
0 Btrookhave NationaZ Laboratory, Upton, Nlo York 11973, U.S.A.

"The Institztef or SoZid State Physics, the University of Tokyo, Roppongi,

7-22-1, mtnato-ku, Tokyo 106, Japan

Abstract. - Neutron inelastic scattering measurements have been performed Ct
two single crystals of the thermally quenched y-phase (fcc) alloy, FelxPdx
with x - 0.28 and x - 0.37. The x = 0.28 sample which orders ferromagneti-
cally at Tc - 575 K exhibits a smeared structural transition into an fct phi
near T1 - 265 K. An anomalous dispersion of the [CrOTAI branch due to the
decrease of the phonon energy around the r point develops below Tc. As the
temperature decreases, the branch decreases in energy. The anomalous part of
the elastic constant, LCI11-C1 2)/2, follows the same temperature dependence as
the square of the magnetization. On the x - 0.37 sample which has no struc-
ture transition, the phonon anomaly is nadh weaker. For both crystals the
other branches exhibit normal behavior.

The iron-based Invar alloys, F i, -P 1 1 Pt x, and Pe1 1P41 undergo a marten-
sitic fcc to bcc firt-order phase transformation at temperature TM well below the

magnetic ordering temperature T c . The lattice dynamics of FelI- Ni and Fe lxPt.

alloys have been extensively studied by ultrasonic and inelastic neutron scatter-

ing techniques 3 ,4 with the goal of understanding the relationship between the Inver A
properties, the mognetistion It and the martensitic transition. In Huach's ultra-

sonic study of Fe1  Ni and Fe3Pt
2 he observed an anomalous decrease of the elastic

constants C" and (C1 i-C 1 2 ), which has the same temperature dependence as W2. This

ma explained as due to a strain dependent exchange coupling in the Heiaenberg spin
4 1system. Dadoh at al. also observed a- amemlous behavior of .(C1 1 -C1 2 ) in Fe1 xlii

by neutron scattering measurments, but emphasized that the m aous part of

2P,=LC-Ca2) varies lftearly in M. Their emplmatioa. we based nore an the dynamical
response of the conduction electrons to the strain.

Recent meamm ees5,6 on Fel._Pdt alleys hsve Ihov that another phase, a face-
centered tetragonal (fct) phase, emUsts between do fcc and bce phases. In this

paper, we report on the lattice dynamics of Feliz Pdx studied by inelastic neutron

scattering and sho that the anomalous part of t(Cll-C12 ) follows the temperature

dependence 
of M

2 .

The measurements vere performed on two single crystals of Fel Pd, with x -

0.37 t 0.01 (crystal 1) mnd x - 0.26 t 0.01 (crystal 2). The concentration of crys-

tal1 i such that it does not exhibit my structural phase transformation below the

Caie point. Crystal 2 exhibits an fc to fet transition near T), - 265 K but because

.f esmeeasrat em gradlieto the tramaltiem is smeared out over 35 K. In addition, a

NO oam hen Me Zeste for Sold ftate Physics, The University of Tokyo, 7-22-1
b"epes Ei"aee-hm, table 106. imp"n
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Fig. 1. Examples of the observed pro- Fig. 2. Dispersion of the [C;0]TAl phonon
files of the [;0]TAI soft phonon branch. branch at various temperatures.

bcc phase also appears at lower temperatures. Because of this, it was not possible

to study any of the details of the critical dynamics associated with the martensitic

transition near TM.

Fig. 1 shows the observed spectra of the [c0]TAl phonons for - 0.15 measured
1

at several temperatures. This branch corresponds to the elastic constant 2-(Cl1-C12

At T - 676 K, which is greater than T = 575 K, the spectrum is symaetric and rela-c

tively narrow. As T is lowered, the frequency decreases and the linevidth increases.

This is opposite to that expected from normal anharmonic processes. The small q por-

tion of the dispersion curve for this branch is shown in Fig. 2. Above Tc, the dis-

persion curve is linear. As T decreases, an anomalous upward curvature develops.
1

We can cpare the anomalies in i(Cll-C12) to the magnetization by defining the

quantity 2 I2 2(T>T,)-2(T)1 where w(T) is the [CCO]TAl phonon energy. The extra-quantty I = (T2c) J

polation of 62 to CO, 62, is the amount that the elastic constant changes below Tc.

Fig. 3 shows the behavior of 62 as a function of temperature. This is compared with
1

M(T) and M2 (T) and it can be seen that the anomalous contribution to C1 1 -C1 2 ) has

the same temperature dependence as M2 (T). This agrees with the results of ausch

for FeIx Nix and Fe 3Pt, but differs from thos of Endoh et al. on Fe0 . 6 5 Ni0 .35 where
62 -, M(T).

1
When the quantity 82 approaches 1, the elastic constant -1(Cl-C 1 2 ) goes to 0. In

Fig. 3, the extrapolation of 52 to unity occurs at a temperature very near the mar-

tensitic transition temperature. This implies that the coupling to the magnetization

which is responsible for the phonon softening is intimately related to the driving

mechanism of the fcc-fct transition. Evidence to support this comes from the fact

that in crystal 1, x - 0.37, no martensitic (fcc-fct) transition occurs and the

anomalous phonon behavior is much weaker.

No significant phonon anomaly has been observed in the other branches for

either crystal. In both crystals, we observed a large increase of the linewidth of
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1.0 5 1 .~g~d(2)Fig. 3. The amount of the softening of
1.0- ejWd,(2the elastic constant 1/2(C11-C1 2) norma-

lized by the values above Tcis shown.

2 r~r)This is determined by the extrapolation
(T)12of 6-2_ rl- 2 (T)/w 2 (T>T.)]- I to 4-0. The
(ThT~~3 k epr~ re dependence 4 of and M42 is

0.5 - Nm shown by the broken lines.

2\ the [CC0]TAl phonons as T decreases be-

\ \ low T c This cannot be explained by a

S macroscopic inhomogeneity of x. Hovever

a coupling of the phonons to some other

'I

00_ A00 NC) 4( ~ or charge density waves, can explain the
r(K 10 and&400 50 0 1 dependences of the linewidth. 7

The detailed study of the linevidth remains a future problem.
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ROLE OF PHONONS IN STRUCTURAL PHASE TRANSITIONS OF TRANSITION METAL

DICHALCOGENIDES

K. Motizuki, Y. Yoshida and Y. Takaoka

Department of Material Physics, Faculty of Engineering Science, Osaka
University, Toyonaka 560, Japan

Abstract.- To study the lattice inctability of 1T-TiSe2, phonon dispersion
curves are calculated as functions of temperature by taking into account the
effective ion-ion interactions caused by electron-lattice Interaction. From
the standpoint of the softening of phonon frequency we conclude that one of
the transverse modes at the L point freezes as the distortion at the phase
transition.

1. Introduction.

Semimetallic 1T-TiSe2 transforms at about 200 K into a 2ax2ax2c superlattice

Structure1 that is described as the condensed state of one of the transverse phonons

at the L point in the Brillouln zone (Ll-(l) mode). For the formation of the super-

lattice we have presented a theory2 '3 which is based on the band-type Jahn-Taller

mechanism, and we have emphasized the role of the electron-lattice interaction.

For several lattice distortions described by wave vectors at the symetry points in

the Brillouin zone we have calculated the generalized electronic susceptibility X.

in which the wave number and mode dependences of the electron-lattice interaction

are included. We used the electronic band obtained by the tight-binding fit to the

Zunger and Freeman's band.4 We found that the decrease of the electronic energy due

to lattice distortion is the largest for the Lf(1) mode with an amplitude ratio of

3:1 for the Ti and Se displacements. This result is consistent with the observation
1by neutron diffraction. However, since the phase transition would occur when the

decrease of the electronic energy due to the distortion exceeds the increase of the

lattice energy, the study of the lattice dynamics is necessary to discuss the phase

transition in more detail. In this paper we study the lattice dynamics of 1T-TISe2

by taking account of the effective ion-ion interactions caused by the electron-

lattice interaction. We calculate the phonon dispersion curves as functions of tom-

perature and discuss the results in connection with the structural phase ttansition.

2. Effective ion-ion interaction caused by electron-lattice interaction.

By using the adiabatic approximation and by calculating the second order pertur-

bation with respect to the electron-lattice interaction, the effective ion-ion inter-

action is obtained as

ef 2 q Iiv GoB

; .

•~ ~ -- . " ' : 
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where a and B are Cartesian coordinates and u(q) denote the Fourier amplitude of
the ca-component of ti,., displacement u (-vg,6R ) of the lith atom in the Lth unit

cell. x (pv,q) In eq. (1) is as follows:

x (pvIq) - II {-g 9c(nk,nk-q,Ek)[gVB(nknk-q,ok)J]

+ 0 0 _ 0
n,k na' E -

+ 1~ E'~ gVB(nk,nlk.Iq,E)[glc(nknkq..qEO)1*}f(%O), (2)

where E0  etc. are the band energies of the undistorted lattice, n and n' specifynk 0
the bands, f(Ek) is the Fermi distribution function and £ is the coefficient of the

electron-lattice Interaction given by

g °(nkntk.1qI) - &'(nkn'k-q) - E11J0i(nk~ntk-q). (3)

tu and nlo are obtained in forms that include the derivatives of two-center trans-
a2

fer and overlap integrals with respect to u,,.

We have calculated x (iiv,q) for T-0, 500, and 1000 K and for q-0 (r point),

rA, FM, 1 . d .(or v)-O, 1, and 2 denote the Ti, Sel, and 3e2 ios in

the unit call. We take the x-axis along the FM line, the y-azis perpendicular to

the IrM line in the c-plane, and the z-axis perpendicular to the c-plane. As for the
derivatives of the overlap integrals (denoted as (pdw)', etc.) and those of the

transfer Int grals (t'(pdw), etc.), only pdw, ppa, ppw are taken into coasideration,

because only these mainly contribute to X. For (pdw)I etc. we use the value, of

1/ time those evaluated by using the Slater functions. t'(pdw) etc. are mow

parameters and we take t'(pdw)-2eV/A, t'(ppo)=-2t'(ppw)--3.5 eV/A. We shom in

Fig. 1 the calculated temperature dependence of the yy-component of X for q-rL and

iv. F(o,rL) and X:'7(0orL) are most sensitive to temperature and play an Irpor-

tent role In the softening of the 1-(1) node.

(100cm"'?

q.rm q' 'L

-X"Wr,(0) ot-"(Oo)L- - -- x: 3.0

0 Ti Fig.l
1 S4 Twqerature variation of

2 S.2 2.0 xy'y(v,q) for qrM, rL.

2__ ,X Owl_

0.0; ~ ~ -__ _._ x_yy( l ----)xo

0 500 1000 T(K) 0 500 1000 T(K)

__ __ __ _ __ __ _ __ __ __ ___4_
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3. Phonon dispersion curves.

The dynamical matrix is assumed to be the sum of the matrix X0 (pv,q) obtained

above and the matrix R t (pVv,q) for short-range forces between ion-cores. In the

calculation of the phonon dispersion curves, we do not use X of the whole q values

but introduce instead long-range forces between ions which reproduce the calculated

X at the symetry points of q-0, IA, etc. cited above. These forces are found non-

central and temperature-dependent. As for the matrix R we take five short-range

potentials tl1 t12' t12, 00 and 415 and we specify these potentials by several

parameters. We determined these parameters so as to get a good fit to the observed

travsverse phonon frequencies6 at the r. A, N, L points. The phonon dispersion

curves calculated at 500 K are shown by solid curves in Fig. 2. The agreement with

the observation is reasonably good. The dotted curves in Fig. 2 show the results

for 0 K. As seen from the figure, all frequencies except those of the lowest dis-

persion curve along the IL line are insensitive to temperature. The L (1) mode

frequency becomes imaginary at 0 K. Thus, we couclude that the L1-(1) mode freezes

as lattice distortion at a certain temperature which is found to be 220 K.

--- T=OK Li
-1=0K -T 0K L

Eg
1100 M Il i L"2

- - /

0 0
r WAVE VECTOR M A WAVE VECTOR ' L

Fig.2 The transverse phonon dispersion curves.

Dots denote exprimntal data obtained by

Wkabayaski et al.
6
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OBSERVATION OF PRETRANSITIONAL EFFECTS ON THE SHAPE OF THE E2
(17 cm'1 ) OPTICAL MODE IN 6-AgI BY RAMAN SPECTROSCOPY

E. Cazzanelli, A. Fontana , G. Mariotto, F. Rocc& and M.P. Fontana"

Dipartimento di Fisioa e Unitd G.N.S.M. - C.N.R.. Trento, Italy
*lti uto per Za Ricerda Scientifica e Tecnologioa, Trento, Italy

"Istituto di Pisica e utnitd G.N.S.H. - C.N.R., Poama, Italy

Abstract.- Resonance interference between the E2 (17 cm
-1 ) optical mode and

the continuum of one-phonon density of state has been observed in a-AgI. From
a fitting of the E2 optical mode shape with a "Fano" formula we have obtained

the temperature behaviour of the coupling parameter q and the true half-wid
th which show substantial change near the 8-m transition temperature.

The lattice dynamics of AgI has been extensively studied in recent years" ) . On par-
ticular interest is to understand the vibrational dynamics near the superionic tran-
sition. Since the ionic conductivity jump at To 2 147C is coupled with a change
in the crystal structure(1 ) it is reasonable to assume that phonons play an inpor-
tant role in driving the transition. However no detectable pre-transitional effects
have been observed in Raman spectra upon approaching To .
The nature of the Raman spectra in AgI and its change with temperature is clearly a-
nomalous and has been the subject of some controversy. Recently we have shown that
the anomalous features in the Ramam spectra and their temperature dependence were
connected with a"first order phonon partial density of states, activated in the

$-phase by a local low temperature desordering
of the Ag + 

ions(
2 - 3

). In Fig. I we show the tern 29K
perature dependence of Raman spectra in 8-AgI.
It is clear from the figure that the perfectly
normal spectrum due to zone center optical modes

changes continuously into a continuum of vibra- -

tional states, as temperature is increased, with a

the sole exception of the E2(17 cm-l) optical
mode. Thus such optical made is barely affected
by the local disordering of Ag+ ions: this is t,
probably due to the extreme flatness of disper- -
sion curve (4 ) . DBuhrer and Bruesch (4 ) argue that z
the sharp 12 optical mode induce the phase tran- a
sition by favouring of Preankel pairs in the Ag 1
sublattice. In fact the E2 mode has the appro-
priate eigennode structure and disappears dis- Z2
continuously at 147C. However the "coupling"
of such mode to jumping cations does not appear
to produce important effects on the mode dynamic I

structure factor as the phse transition is ap- *AMN SIFI Ie'I
proached. One reason for aparent" imenitivity i. 1: Experimental Rma spectra

of 22 mode a" be that Oterall vibrational re-
aoase of AgI is similar in two 0 and a-phase 150 cu 1 .

However, a finer experimental analysis of

4
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E2 mode spectral region does show some pretransitio
nal effects as TO is approached (fig. 2). From the-

se experimental data we see that:

i - the E2 mode damping increases considerably;
2 - the shape of E2 line is visibly asymmetric;
3 - there is a slight shift towards low frequencies; _

4 - the total Raman Intensity devided by the Dose- ~b
Eistein factor remains constant.

In order to interpret these data we hypothise a Fano
interference(6 ) between the 17 cm-1 peak and the un-

derlying continuum 
of vibrational states. 

From ine- I

lastic neutron scattering we can assume that such c CZ
continuum is due to the phonon density of states as-

sociated with an acoustical branch: such branch has, 2

at zone edge, the same siumetry and nearly the same
energy as the almost flat branch of the E2 optical
mode. For a given temperature the Fano spectral sha 10 1 20

pe can be written as( 7 ) 2 RAMAN SHIFT (cm-
4 )

F)(q + ) + O Fig. 2: Experimental E2 optical
I + £r mode at various temperature near

where a' is the cross section for the underlying transition, a 303OK; b = 3800K;

continuum which does not interact with the discrete c - 4170K.

state, and
q <l Il IO>

2) q 7<11wj2><21Ct 2 10>

E - E1
£1Tb2Ic 2  ,E 1 -Eq+F 

where Eq is the eigenvalue of the uncoupled C
one-phon state (i.e. the energy of the E2 nE r

de) and F is the slight shift from Eq due to e

admixture of states. A simple scheme of Fano E
interference is to view the like shape of a W

discrete mode interacting with a continuum
as due to interference between two coherent
scattering channels into the same heavely 7 12 17 m-  2

damped final state: the first is a direct

channel <21a 210> coupling the ground state Fig. 3: The E2 mode line shape at 403*K.

1O> to the continuum 12>; the second is an Dots: experimental data; solid line: fit

indirect one, coupling states 1O> and 12> using eq. (1). Lower solid line: true Ii

via the discrete state 11> and is given by ne shape.

a second order matrix element <2jwjl><lja jo> where <21wll> describes a non radiative
transition from the discrete level into the continuum degenerate with it. Such non
radiative transition is connected with the true width of the line

r - 2wl<21wl>l2

In the figure 3 we show a typical fit of the spectra for T - 403*K together with the

calculated true experimental band shape.

If the reasonable assumption that <lai1IO> and <21c210> are independent or weakly de-
pendent on temperature is also made, then we have that 3) q " r-i and thus the
main contribution to the temperature dependence in the Pano fitting of the E2 mode
lineshape will be connected with the behaviour of the true linewidth. We have veri-

fied the assumptions leading to (3) by fitting the K 2 lineshape using (1) with both

i i _
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q and r as free parameters. We have found that
the product q I'i was independent temperature q
within our 10% estimated error.

In fig. 4 we show separately the behaviour of
the coupling parameter q and the halfwidth r vs 20
temperature. (4)
From inelastic neutron scattering data (4) we
found that the E2 optical mode and the density
of states associated with the acoustical branch
change little with temperature. Thus the change 8
in the <l1wv2> matrix elements as To  is approa- ,.1
ched cannot be due to changes in the vibrational r
dynamics. Rather the increase in the coupling
must be connected with a "static" property of 1.5
the system, such as an order parameter.
In the framework of our interpretation of the
anomalous features in the Raman spectrum of 8 and
o-AgI, we are led to associate the behaviour of
q (or I) to the jump motion of the Ag+ ions and 0.41
to the associated degree of disorder. Thus the 0O 300 420 T(K)
appropriate order parameter could be the concen-
tration of Frenkel pairs, itself connected with Fig. 4: Behaviour of the q and r
macroscopic ionic conductivity, parameters versus temperature.
Work supported in part by CUR contract W. 80.00816.11.
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BRILLOUIN SCATTERING STUDY OF PHASE TRANSITIONS IN P-POLYPHENYLS

C. Zcolivet, B. Toudic and M. Sanquer

Groupe de Physique cristaline, E.R.A. au C.F.R.S. n070015, Universitg de
Renns. Campus de Bomlieu, 35042 Rennes Ceder, France

Abstract a arillouin scattering study of the various phase transitions in
p-polyphenyls reveals different kinds of elastic anomalies depending on the
nature of these transitions.

INTRODUCTION The first elements of the p-polyphenyls series undergo phase transi-

tions through a change of their molecular conformation. This change haplfens by an

antiferrodistorsive rotation of aromatic rings about the molecular long axis, which

effect is the stabilization at low temperatures of a non-planar molecular conforma-

tion. Despite their isomorphism, p-polyphenyls present different kinds of transi-

tions and critical behaviours. We report here some results of a Brillouin scattering

investigation of these transitions and their effect on the elastic properties of

these crystals.

INCOWUENSURABLE PHASES OF BIPHENYL Biphenyl undergoes a first incommensurate phase

transition at T - 42 K with modulation vectors along a and (4 satellites). This
displacive transition is related to a soft mode which happens at the satellites near j

the Z point (0, 1/2, 0) of the Irst Brillouin zone. A partial lock-in transition hap-

pens at T2 - 17 K where the incoensurability along a disappears CI).

The major sotd velocity anomaly occurs for the quasi longitudinal mode propa-

gating along a (figure 1). This kind of elastic anomaly has been observed in many

other materials presenting such phases like 2 BeO4 , "2Z 4 .

25 K
L

TsT

Fl. (lest) - 8Lbaeuap queal-ZonpitadIMA sound velocity iapped amd Its Ar~lZouln
eta Uaswldth 4owed Vma cemeature,

rig. 2 (right)- Spectra of b~pheni at 2.1 K by phafona propagating along a. The at-
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rows at the foot of the Rayleigh indicate the expected location of the phason line,
whereas "L", "T" and T designates the quasi-longitudinal, quasi-transverse and trans-
verse and modes.

As a phason was previously observed by neutron scattering C ,we have tried to
see it by light scattering. Our experiment failed to find this component and what we

can say, if the phason has really a propagation velocity of 1000 r/s, is that it scat-

ters less than 1/10 of the light scattered by the weakest transverse mode.

IMPROPER FERROELASTIC TRANSITION OF p-TERPHENYL p-terphenyl undergoes at 193 K an

improper ferroelastic transition labelled 2/mn V F T'according to Aizu. This transi-

tion is characterized by a superstructure which appears at the C point (1/2, 1/2, 0)

of the Irst Brillouin zone leading to the existence of two crist4L'lographically dif-

ferent kinds of domains (Fig.3) depending on the orientation of the molecule central

ring (2)

%A

.~ ~ .\ ~ ~'.~' Fig. 3 Prjection on the (001) pla-

Domain a Domin fo hBo epeauepae

one of the elastic anomalies created by this order-disorder transition is rela-

tdto the differentiation of the 11101 and I11-21- directions as it can be seen on the
figure above. For one of these directions depending on the domain, central rings are

perpendicular to their neighbours whereas along the other direction the angle between

central rings is much less.* This difference and the presence of several domans in

the scattering volume are at the origin of the presence of two distinct and simulta-

neous longitudinal Brillouin lines in the spectrum (Fig. 4).

It s a too K

Fig.4 - Rigt asP. ecatterig spectrumn In the a (c,c)h geoetry at )'diffe-
ren tdpeatuesshowing th longitudinalw Drillouin lines (fromtenetude~n
the wtrns~sw Ailloaln llinesnhow the fgylefgh line j notice nac a qsis elastic
compnen whch oesthrough a mexiua at e 193 X. flue freousev Interval shown

Is 35.5 GNS.

7z 7 -w--Y;--- - - -- ---- - - -
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A fit performed on these spectra between 90 K and 193 K shows a (T c-T)0.29 va-

riation of this splitting ; it corresponds to the numerical value of 0.30 obtained
1

for the superstructure intensity recorded by neutron scattering (I). This value re-

flects a slight discontinuity of the transition.

THE p-QUATERPHENYL TRANSITION p-quaterphenyl undergoes a transition similar to the

p-terphenyl in the sense it is also an order-disorder transition between the P 2 1/a

high temperature phase and probably a P - low temperature phase with also coexisten-

ce of domains (3 ). But here two central rings are moving in opposite directions insi-

de each molecule and the difference between the 1101 and the 1o101 is not as obvious

as for p-terphenyl and two different longitudinal Brillouin lines are not observed.

Generally the elastic anomalies are also weaker. The figure 5 shows an anomaly of the

"longitudinal" sound velocity recorded along a which shows a small change of slope at

T - 240 K j there is o complete explanation for this kind of behaviour, but it is
c
could be due to scme relaxation mechanism.

tV

0100 200 f* Tx
Fig. 5 - Sound velocity of the
quasi longitudinal mode propaga-
ting along l.
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PHONON DISPERSION AND TRANSVERSE MODE SOFTENING IN RbFeC13

D. Petitgrand, B. Hennion, C. Escribe-Filippini and S. Legrand

Laboratoire Ldon Brillouin, CEN-Saclay, 91191 Gif-sur-Yvette, France

Inetitut Laue-Langevin, 156X, Centre de Tri, 38042 Grenoble Cedex, Prance
*DPhG/PSRM, CEN-Saclay, 91191 Gif-sur-Yvette, France

Abstract.- Phonon dispersion curves of RbFeCl3 have been measured by neutron
scairlng. For wave vectors in the hexagonal plane the transverse phonons
polarized along 2 are found to have very low energies. Furthermore the shape
of this branch changes drastically as the temperature is lowered from room
temperature to 20K, the zone boundary energy at the K point being decreased
by a factor of two. However no Bragg reflection indicative of a phase transi-
tion has been detected at this point. These features are interpreted as sho-
wing evidence that RbFeCl3 is at the border of a phase transition for which
a microscopic mechanism will be discussed.

1. Introduction.- Phonon softening has been extensively studied in ANX3 compounds of

cubic perovskite structure (I)- (3 ) in connection with structural phase transitions.

More recently it has been reported that some ANX3 crystals with hexagonal structures
(4)

also undergo structural phase transitions In this paper we give the first expe-

rimental report of the observation of a phonon softening in the hexagonal RbFeCl3

compound.

2. Experiments and Results.- The RbFeCl 3 single crystals used 'n these experiments

are the same as those grown for the spin wave investigation (5 ) . The inelastic neutron

scattering experiments have been carried out on the triple-axis spectrometer IN 3 at

the Institut Laue-Langevin. The experiments were performed with incident neutron

wave-vectors of 2.3 or 2.66 A-1 and collimations of 30'/20'/20'/20'. The sample was

mounted in a pumped 4Re cryostat with the c-axis horizontal so that the IhOll plane

was in the scattering plane.

The dispersion curves of acoustic phonon measured at room temperature are shown

in Fig.!.

Since our measurements in the c direction do not extend to very small q, the

sound velocity of the TA (001) branch (broken line in Fig.l) was set equal to that

of the TA (110) branch as required by elastic theory. Obviously this sound velocity

is smaller than the phase velocity derived from our lowest experimental point, which

means that this transverse mode must have an upward curvature. This peculiarity,

unexpected from classical elastic theory, is similar to that first observed in

Graphite(6) and more recently in CsiF 3 (7). This is a consequence of the inhomoge-

neous structure which can be regarded as made up of strongly coupled FeCl 6 octahedra

making infinite fibres along the c-axis. These fibres are much more loosely coupled

to the ueighbouring ones via Rb ions. The bending of a fibre requires an elastic

... . . . .i 
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energy El _7 (E being the Young modul s and I the momentum of inertia of the fibre)

in additi4 to the shear energy C -T of the FeCI6-Rb-FeC16 bonds. Thus the trans-C44 -- 2l 16
verse phonons dispersion takes the form lot .- P_ zj E1 k ), which explains

the positive curvature at low q.

For phonons propagating in the hexagonal plane, the most striking feature is

the very low value of the transverse mode (e/Z ) energies compared with those of the

longitudinal mode. From the slope at small q we deduce C1 11C 44 17, a value much

larger than typical values (4< C /C44 < 6) for ionic crystals. We have carried out

a systematic investigation of this transverse phonon between 1.5 and 300 K the results

of which are illustrated in Fig.2. The whole branch gradually flattens aN the tempera-

ture is lowered from 300 K to 20 K and then becomes almost temperature independent

at lower temperatures. Furthermore, the decrease in energy appears to be stronger at

the K point with the consequence that this point becomes a ninimum for tS 150 K, ins-

tead of a maximum at room temperature. Down to 50 K, the lbwering of the phonon ener-

gies is strongly reminiscent of the behavioUrs observed in cubic crystals SrTiO

X1n.F.(2), bCaF (3)... for which the lowering is achieved by a complete softening of
3 3

the mode giving rise to a structural phase transition. Thus we have carefully checked

the elastic scattering, but we found no evidenwe of Bragg scattering at the K point.

3.- Discussion.- In the above mentioned cases of cubic AHZ3 compounds, the soft mode

has been identified as a coherent rotation ,of the MI6 octihedral. But in the hexagonal

AMX3 structure two neighbouring octahedra share k triangular face and a coherent ro-

tation of the octahedra thus involves a strong coupling with internal modes of MX6

giving rise to a high frequency mode. In fact the only possibility which let the in-

ternal modes frozen and is compatible with our observations is a mode involving trans-

lations of the whole fibre along c. For the special case of q T0), which is the

sensitive point, the motions of the 3 fibres situated on the vertex of a triangle

are out of phase by 120*. The fact that this mod is of low emergy cam be exlainsd

by repulsive interactions between chains in their vertical motion. Indeed we anticipte

that such a repulsion arises from the mismatch of the ionic radii of lb4 and Cl-.This

interpretation is strongly supported by the fact that below 120K A~e~r3 undergoes a
structural phase transition which just has the point I as a swerlattis reflection.

Thus - mast. conclude that RbFeCI3 would be slightly below and RbFeBr3 beynad the

stability threshold.

One of the ta ining problem to the description of the enharmlc belaviour

of such a system. We plan t6 do arUrats wassrftets of rha temperature demdemci of

the energies and widths of tiese emsal pboone in aoe tO lanvestiate this point.
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A RAMAN SCATTERING STUDY OF THE SOLID TO SOLID PHASE TRANSITION IN

BENZIL

D.R. Moore, V.J. Tekippe* , A.K. Ramdas and J.C. Toledano

University of Illinois at Chicago Circle, U.S.A.
*Gould Laboratories

**Purdue University

***C.N.E.T., France

Abstract.--tt 840 K, benzil undergoes a first order phase transi-
tion from D3 space group symmetry in the upper phase to C2 sym-
metry in the lower temperature phase with a simultaneous four-
fold expansion of the primitive unit cell. In addition to the
effects of the phase transition on the zone center optical modes
which are Raman active above T , our polarized Raman studies do
indeed show the emergence of nw modes, including a second soft
mode, which are related to the enlargement of the unit cell.

I. Introductory Remarks

Room temperature benzil (C6H5COCOC6H ) has a trigonal structure

belonging to the space group D4. At Tg84 K, benzil undergoes a solid

to solid phase transition in which the trigonal phase converts to a

monoclinic one of space group symmetry C2. A previous Raman scatter-

ing study I of this phase transition revealed a pronounced, nonlinear

softening of the lowest frequency optic mode on both sides of Tc.

This soft mode is associated with the center of the Brillouin zone and

typically induces a phase transition that preserves the number of at-
oms per unit cell. However, x-ray diffraction studies show that the

phase transition is accompanied by a four-fold expansion of the prim-
2 3itive unit cell . This point was recently addressed by Toledano in a

phenomenological model of the phase transition in benzil. In this

dual order parameter model, the primary order parameter is associated

with the observed zone center soft mode and determines the trigonal to

monoclinic symetry change. The secondary order parameter corresponds

to the star of k vectors (iM) at the M point of the Brillouin zone and

is related to the observed four-fold expansion of the unit cell. The

model allows a nonlinear coupling between the two order parameters and

the mechanism ol the phase transition is assumed to proceed through a

"triggering" of the 14 point instability by the one at the r point.

Although the phonon modes associated with k* are Raman inactive above

T , they are expected to become Raman active below TO . In addition,

the model predicts that the soft optic mode at 1;1-O will trigger a

second soft mode related to M. Since neither this second soft mode

______seon __ _ __oft__ _ _ _ _ _ __ _

______________________________ _____________
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Fig. 1: Group theoretical D"

analysis of the phase tran- r 0 0
sition in benzil. The 2 A, lo . A
lines indicate the corre- L0 0 A

lation of the modes in the , 0.
trigonal phase above Tc  0 . N
with those in the mono- 3. l10
clinic phase below T * cS) E

The solid lines indicate .

those modes which are ex- 0 .,
pected to show strong - -

Raman activity. - (36)
3) A, 36

T Tc  T. T, T Tc

nor the additional modes associated with the unit cell expansion had

been observed in previous studies, a more comprehensive study of the

phase transition by Raman scattering techniques was clearly indicated.

II. Experimental Results & Discussion

The decomposition of the lattice modes at the r and M points of

the hexagonal Brillouin zone of the trigonal phase into the A and B

irreducible representations at the r point of the monoclinic phase is
summarized in Figure 1. The numbers in parentheses indicate the num-
ber of modes of each symmetry type. At the transition temperature
the decomposition proceeds as follows: A1 -A, A2.B, E-A+B, r1 2A+B

and F2-A+2B.

The temperature dependence of the polarized Raman spectra re-

corded in the Y(XY+XZ)X scattering geometry is shown in Figure 2a.

As the temperature is lowered to Tc (dashed line) the intensity of

the lowest E mode (le) increases dramatically while its frequency de-

creases sharply. This anomalous behavior is characteristic of a soft

optic mode inducing a phase transition and is similar to the results

observed by Sapriel et al. The emergence of an additional mode (2b)
positioned on the shoulder of the B component of the soft E mode (lb)

is also observed at T,Tc . This new mode is interpreted as the strong-

er B component of the soft 2 mode predicted by Toledano3 . The two

soft mode components are clearly distinguishable since they exhibit a

temperature dependence different from that of the other modes. As
the temperature decreases, both modes become less intense and move
towards higher frequency. This opposes the general increase in inten-

sity exhibited by all of the other external modes. Since a maximum of
eight B modes can be-associated with the zone center modes of the
trigonal phase, at least eleven of the modes observed in the spectrum
at T-16aK correspond to.l and, hence, to the enlargement of the unit

cell. Similar results were obtained for the modes of A1 symmetry
above T€ and A symmetry below Tc . The corresponding spectra were
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Fig. 2: The polarized Raman spectra exhibited by benzil at selected
temperatures above and below T . The spectra were excited with
5145 R radiation and recorded in a 900 scattering geometry. The
scattering geometries used allow a) E modes above Tc and B modes belowTc and b) AI modes above Tc and A modes below Tc .

recorded in a Y(ZZ)X scattering geometry and are shown in Figure 2b.
The A components of the two soft modes are denoted as la and 3a. Ad-

ditional theoretical considerations predict that of the sixty-nine

Raman active modes expected for T<Tc , seventeen A modes and eighteen

B modes will be intense enough to observe4 . This is in excellent

agreement with the seventeen A modes and nineteen B modes observed in

the present study.
In conclusion, our Raman scattering study of the phase transition

in bensil has revealed effects due to both the symetry change and the
expansion of the unit cell, in excellent agreement with the predic-

tions of a dual order parameter model.
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SPECTROSCOPIC IONICITY AND LATTICE INSTABILITY IN III-VI LAYER

COMPOUNDS
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Abstract.- III-VI compounds with the sandwich-type layer
structure should have Phillips' electronegativity difference in
the range from 0.55 to 0.95. In a certain range of ionicity of
valence bonds, however, shear mode phonons are bound to be un-
stable by the long range Coulomb force, so that InS crystallizes
in a nonlayer structure. Three other examples of such nonlayer
compounds have been found from experimental phase analysis of(GaSe) x(InSe)l_, .

1. Nature of Chemical Bonds.- Group II-VI excess valence compounds,

GaS, GaSe and InSe, crystallize in a sandwich-type layer structure.

Despite of its strong anisotropy, the electronic coordination with

respect to both anion and cation can be regarded as tetrahedral since

nonbonding orbitals are formed at anion sites by the excess electrons.

Figure 1 shows the depeudence of force constants on the bond length 1.

The C-8/3 rule') holds well in III-VI layer compounds as well as in

group III-V and II-VI compounds. Besides, the force constants

indicate that the strength of bonding is comparable to the proper

tetrahedral bonding. The similarity of bonding is evidently shown by

the ratio of bending to stretching force constants: Experimental

values in the layer compounds agree well with those in such tetra-

hedral compounds if scaled by the spectroscopic ionicity fi,2) as

shown in figure 2.

If we pay attention to the heteropolar energy gap, C, we find

that all three layer compounds have C - 4.7 eV. This value agree well

with C in tetrahedral compounds with the same value of Phillips'

electronegativity difference A as shown in figure 3. The heteropolar

energy gap in GaTe is of particular interest because GaTe crystallizes

at ambient conditions in a monoclinic layer structure modified

strongly from the sandwich-type one. Its dielectric constant E of

9.03) gives C - 4.0, being close to 4.7 eV despite that A - 0.34 in

GaTe is smaller by a factor. of about two than A - 0.80 in InSe. This

fact suggests that the sandwich-type layer structure requires C of the

anion-cation bond to be rather constant in order to maintain the

* -. * ' "
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balancing of charge distribution against the van der Waais bond and

the cation-cation homopolar bond; the sandwich-type layer structure

is stable only if A - 0.55 to 0.95. InTe is known to crystallize in

a nonlayer structure. The instability of the layer structure may be

attributed in part to the fact that A =0.48 in InTe. In InS, on the
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other hand, we have A = 0.88 which lies in the stable region for the

layer structure. Furthermore we find fi = 0.58 in InS provided that

it crystallizes in the layer structure with C = 4.7 eV. The value of

fi is even smaller than that in InSe, so that the Coulomb repulsion

between cations would not be strong enough to break up the layer

structure. Nevertheless InS crystallizes in a three dimensional

structure at ambient conditions. Thus the lattice instability of

group III-VI compounds can not be explained in terms of the nature of

chemical bond alone.

2. Phase Diagram of (GaSe) x(InSe). X .- Present authors (Y.N. and

N.K.4) have predicted that the sandwich-type layer structure is un-

stable in the pseudobinary system (GaSe) x(InSe)lx for a wide range of

x due to the instability of shear mode phonons induced by the long

range Coulomb interaction. If it is the case, the layer structure

should be unstable also in InS because InS corresponds in its elec-

tronic polarizability to the pseudo-

binary compound with x = 0.6. In order

to examine the validity of this predic-

tion, we have determined the phase So-

diagram of (GaSe) x(InSe)lx by means of

DTA. According to the phase diagram LIoUIo

thus obtained (figure 4), GaSe and InSe L

are miscible only for 0 < x < 0.1 and 738

0.9 < x < 1.0. In the immiscible region
2700 Ithere appear three new phases GaIn 3 Se 4 , W

Ga2InSe3 and Ga3 InSe 4 1 which probably

have nonlayer structures. In addition,

they exhibit phase transitions at 738, o

592 and 543 °C as seen in figure 4. All ' -

these observations are consistent with I -

our theoretical prediction. The present 20 40 6 so too
MOLE' G% M u

results strongly suggest that the three

dimensional structure of InS is caused Fg.j: Phase diagram

by the instability of shear mode phonons. oz Sae)x(InSe)l-x"
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THE SPECTROSCOPY OF SURFACE PHONONS BY INELASTIC ATOM SCATTERING
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Ricerohe, Istituto di Fisica dell 'Univereitd, 1-20133 fiZano, Italy
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Abstract.- The recent great advance in the production of highly
monochromatic atomic beams is opening new perspectives in surface
physics, having made way to a full determination of the surface
vibrational structure. After a short review of the earlier att-
empts to detect surface phonons from the angular distributions of
scattered atoms, we report on the direct measurement of surface
phonon dispersion curves, first achieved by Brusdeylins, Doak and
Toennies in alkali halides, from time-of-flight (TOF) spectra of
scattered He atoms. A comparison is made with the existing theo-
ries of surface phonons in ionic crystals. The state of the art
in the theory of inelastic scattering processes is briefly illu-
strated in order to discuss the theoretical interpretation of TOF
spectra. The one-phonon energy-loss spectra of He scattered from
LiF(OOl) calculated for a hard corrugated surface model are found
to be in good agreement with TOF spectra at all the incidence angles.
Evidence is given that, in addition to Rayleigh waves, important
contributions to the inelastic scattering come from the surface-
projected density of bulk phonons. The possible observation of
optical surface modes in KC1(001) is finally discussed.

1. Introduction.- Although surface phonons have since long attracted )
much attention due to their role in several surface and interface phe-
nomena and in various technological applications,l their spectroscopy
in the dispersive region has been considered till now much more diffi-
cult than that of bulk phonons. Indeed the conventional probes of bulk
phonons, such as neutrons2 and light, are only weakly sensitive to the
surface owing to their large penetration into the molid. In the plasma
spectral region photons become surface sensitive but couple only to ve-
ry long-wave surface excitations. s, Also electron energy loss spectro-
scopy, which has given us the first evidence of surface electromagnetic
modes in monocrystals,5 and inelastic electron tunneling spectroscopy6
are actually restricted to long waves by unfavorable kinematical con-
ditions.

The great potentialities of atom scattering in surface phonon spec-
troscopy hal been apparent since the theoretical work of Cabrera, Calii
and Hanson, but only the recent great advance in the production and de-
tection of highly monochromatic atomic beams, triggered off by the stu-
dies in rarified gas dynamics,9 has made way for a full determination of
the surface vibrational structure. Today atoms can do for surface pbo-
nons the same job that slow neutrons do for bulk phonoas.

Alongaide, various theoretical problems had to be considered, sin-
ce the aessment of suoh a powerful technique in surface pkmon ana-
lysis required an accurate coparison with the predicted eferqy-lose
profiles and related surface phonon densities. This in order to answer

__ _____I______-memiAI ___ ____________________________
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two urgent questions: 1) Whether and when are single-phonon processes
predominant; ii) in how distorted a way do energy-loss spectra reflect
the surface projected phonon density.

2. Inelastic processes in angular distributions.- The early experiments
carried out by Subbarao and Miller 9 with cold He beams on Ag(lll) pro-
vided a first clear separation between elastic and inelastic scatter-
ing, the latter displaying a clear multiphonon nature.

On the contrary, the data obtained by Williams and Mason for He
scattering from LiF(OO1) 10 and NaF(OOl) 11 were indicative of one-pho-
non processes. The phonon frequencies, derived from a sophisticated
analysis of the out-of-plane angular distributions (AD) around the dif-
fraction peaks, are in fair agreement with the calculated Rayleigh wave
(RW) dispersion curves.

In fig. la the data for NaF are compared to the theoretical curve
obtained by the Green's function method 12, using the breathing shell
model (BSM) and room temperature data. Shell model slab calculations 13
give almost identical results.

The results of Williams and Mason are quite remarkable when consi-
dered in light of the recent data obtained by Doak st at I4 by the
time-of-flight (TOF) technique and a much better resolution (fig. lb).

3 NaF(3OI} 
3 t 8

AD TOF

2 2 S1

oined fr Smue ltiuin a e.I

00

0i 1 0

Ka/* Ka/v

Fig. 1 1 Calculated Rayleigh wave dispersion cur-
ve in VaP Cool) compared to 3.4 scattering data
obtained from angular distributions (at ref.* 11)and time-oL-flight spectra (b ref. 14).

According to Avila and Lagos 1 5 , the systematic deviation in fig.lafrom the thoretical curve is removed when the data are analyzed in terns
of kinemtical focussing.

The kinewtical focussing (IF) occurs with any ',articular btatte-ring gesmtry for which tim paraboloid representing the sene lesa
versus iramatus traner. relationI - ~ -~ -~TT Li~Kj~.t
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1 1 K /K )2+K2 /K21 (sinei/sinef)2  (1)/w l [-( - p/ 1 +np / I- Ilf

is tangent to a surface-phonon dispersion surface w - w(K).16 Here wi
and Ki are energy and parallel momentum of the incident atom (5 - 1),
e0 and ef the incidence and outgoing angles, respectively. Kn and Knp
are the components of the transferred parallel momentum - pKnp},
respectively parallel and normal to the incidence plane.

KF yields singularities in the angular distribution due to the va-
nishing of the Jacobian transforming momentum-space coordinates into
angular coordinates.

For planar scattering (Knp=O), KF may occur only along symmetry
directions. For relatively heavy probes, like Ne, and large of and ei ,
KF occurs at small phonon group velocities, i.e. for phonons close to
the critical points, where the phonon density is large. 1 Avila and La-
gos have discussed another important enhancement mechanism for non-pla-
nar KF which explains Williams and Mason's data.

15

Boato and Cantini 17 performed a careful investigation of the angu-
lar distributions of Ne planar scattering from LiF(O01), finding a rich
fine structure in addition to the elastic diffraction pattern. Although
interpreting such inelastic features as due to KF yielded frequencies
of surface modes in reasonable agreement with the theoretical predict-
ion for Rayleigh and Lucas modes at X and F critical points18 , Cantini,
Felcher and Tatarek found a more convincing explanation of the fine
structure in terms of inelastic resonances with surface bound states19.
In addition, their kinematical analysis led to a rough determination
of RM dispersion. Cantini and Tatarekhave made a similar analysis for
the inelastic resonances of He scattered from graphite (0001) .2 0

The high-resolution angular distri-
butions recently obtained by Bruadeylins

r st al for He scattering from LiF(O01) andr A Map (001) 21 give only a faint evidence of
Kr effect, its features being hardly di-
stinguishable from the complicated pattern
of inelastic resonances.

Thus KF could be visible only where
the channels to bound state. are extreme-

ly weak, as in metals, but we do not know
of any example, apart fromi some Rorly

junderstood data on He-Au (1ll).24

However, in view of the recent ad-
S vance in the theory and desils of highly

4, :monochromatic nosle bean sources, the KF
way to surface phosons has been abandoned
In favour of TOW spectroscopy.

IIPA : Surface pbonom dispersion urves
LLP(001) along (100) for sagittal p1

lrIsatiem. Comris"om is mee t
soattering data (0) and neutron data (o).
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3. The analysis of time-of-flight spectra.- In the late seventies TOF

measurements provided a direct evidence of Rayleigh waves in the
THZ range 2 3' 24 . The high-resolution spectra measured by Toennies group

in G8ttingen led for the first time to the full determination of the RW

dispersion as well as of the energy loss profiles in Lip25 , NaF (fig.

lb) and iC1.
1 '

These experiments have stimulated a new effort in the theory of
inelastic processes 26-30 . Most of the features found in TOF spectra- do-
minance of RWs and cut-off of optical frequencies- were predicted al-
ready in the framework of the distorted wave Born approximation (DWEA). I

The validity of this theory for ionic crystals, where the surface
is quite corrugated, is in question, however, since the non-specular
part of the potential works as a perturbation. Physically it would mean
that unklapp processes involving surface-reciprocal lattice vectors
G 10 0 have to be less probable, which is clearly in contrast with the
observation of strong quantum rainbow effects. 17

C ILIF W01) <100>a[ G= 119.80

K1= 6.08 ,r-1
.01 TT= 293 K [R E. c :-a Fi. Time-of-

0, i07.fl spectra of He
Cc =scattered from LiF
CD0 (001) surface along

(100) for incidence
o angle e, = 49.80 and
6 72.20 (from ref. 14)

and calculated one-
ZC phonon reflection

- coefficient for a
lei c SM a I hard corrugated sur-
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IC culation of the pho-
6U. C non densities is bas-
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Thus in the theoretical interpretation of TOF data our main con-
cern is the non-perturbative treatment of the static corrugated poten-
tial. We work in a DWBA where only the phonon-induced corrugation acts
as a perturbation. The one-phonon reflection coefficient for a process
casting an incident atom of momentum 1i into a final state tf oriented
within a solid angle dn, is expressed by28

d2R(1) k2  k
3 __ l +____ a.cotzra g (KlgX (K) P (Kw) (2)

iz 'Ka K5 KM,K'

where T is the surface temperature, and P X!,KB(iw) are the elements
of surface-projected phonon density matrix.

If z - Do(A) represents the static surface profile, Do(M) being a
periodic function of the position vector R (x,y), the coupling coef-
ficients are given by

gKa(K) - d~exp{-W(A)-iKoR+ikZ D (R g (R) 3D 0(R/au K, (3)

where aD (1)/au is the distortion of the surface profile due to a
unit diallaceeA! ' of the .-th ion, and W(R) is the Debye-Waller fac-
tor. The scattering amplitude go (1) is obtained by solving numerically
the Lippmann-Schwinger equation in the direct space for the etatic cor-
rugated surface, using a method developed by Gatcia and Cabrera.

2

The surface-projected phonon densities are calculated by the
Green's function method, 12 for 33 values of I in the irreducible se-
gment r lying in the scattering plane, and for 100 equally-spaced va-
lues of a between 0 and the maximum crystal frequency. This calculat-
Ion is equivalent to a slab calculation with 192 layers.

rig. 2 shows the dispersion curves along (100) of LiF(001) surfa-
ce modes with sagittal polarization - the one involved in planar scat-
tering.leavy lines are surface nodes. Thin lines are band edges of
bulk modes having non-vanishing sagittal cosponent. When a dispersion
curve enters a band, the surface-localized mode transform into a reso-
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nance. The RW dispersion curve is compared to the atom scattering data

(open circles)25. The broken line shows the shell model slab calculat-
ion by Chen et a1 13. The quality of bulk dynamics can be judged by com-
parito neutron data (black points) the band edges which correspond to
bulk dispersion curves along symmetry directions.

In this calculation, based on BSM and room temperature data, bulk
(G*) and surface (a:) ton polarizabilities are equal (a a4) and taken
from the classical compilation of Tessmann, Rahn and Shockley 33 (TKS).

If a! is allowed to be larger than a- and both are adjustable, the
residual discrepancies at the 9 point can be removed in both bulk and
RN dispersion curves.2 9 Despite the general argument that surface pola-
rizabilities should be larger than bulk polarizabilities owing to the
smaller coordination, we didnot use this fitting procedure here, since
TKS values yield an excellent fit in NaF and KC1 and a reasonable com-
promise in Lii.

In evaluating d2n(0)/dada, we use the static surface profile DO()
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which gives the best fit to diffraction amplitudes according to Garcia3.2

The kinematical parameters (ki = 6.1A -1 ; 61 = 900 - Of = 49.80, 72.20,
36.00, 60.00 and 63.20) correspond to a selected set of TOF spectra
measured by Brusdeylins, Doak and Toennies with the apparatus of ref.
25. Experimental and theoretical spectra are shown together in figs 3-5
as functions of K. The phonon energy is readily obtained from eq. 1
with Kp = K and Knp = 0. The vertical lines correspond to K = G - inte-
ger x2i/a where a is the interionic distance.

The theoretical RW peaks are represented by isolated rectangular
peaks (marked by #). At low energy (K close to G) the RW peak is not
resolved from the continuous bulk density. Close to KF condition the 11W
peak may extend over several bins. This is seen in fig. 3(e i -49.80),
where the KF induced broadening of the RW peak K reflects fairly well
the experimental structure. Here the RW peak at K , -0.2 is not resol-
ved, but the spectra appear to be in reasonably good agreement.

At Si = 72.20, the single RW peak is well resolved letting one ap-
preciate how important is the bulk phonon contribution forming the long
tail above K = -3.4.

A richer structure is found for ei= 36.00 (fig. 4). Here the in-
tensities of the three distinct RW peaks are in very good agreement
with the predicted intensities. Again the experimental tails aside the
RW peaks are seen to correspond to bulk phonon structures. While the
band around K = 0 contains acoustic phonons, the long tail above K - 2.8
comes essentially from optical phonons. The small theoretical peak 0 is
a Lucas optical surface mode (S4 in fig. 2); this is also predicted for
8i = 49.80 and 60.00 (fig. 5) but no evidence is found in TOF spectra.

A similar overall agreement is found also in fig. 5 (8i - 60.00,
63.20). However, once we fit the maximum intensities around K = -3, we
note that the RW intensity at larger (smaller) absolute momentum trans-
fer is weaker (stronger) than the observed one.

The general good agreement i
between theory and experiment
means, for the experimentalist, r I
that one-phonon proc aes are 4M KCI (00 1)
dominant and, for the theore- Utt
tician, that the Green's funct-
ion method for surface dynamics
and the HCS model employed in I
scattering theory work quite
well. However, the future inte-
rest is on the discrepancies.

Why does theory predict •
too large (small) intensities
at small (large) momentum trans-
fers ? Why are the predicted
Lucas mode peaks not (yet) seen
in the experiments?

Fig. 6 Surface phonon disper-
sion curves of KC1(001) along
the ymetry directions for *- sa-
gittal (.) and parallel ( o) -
larization.
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An answer to these questions will probably come from a better de-
scription of the surface-atom potential, including the attractive part
and the effects of bound-state resonances. For example, the weakness
of Lucas modes in scattering could mean that Li+ - He interaction is

even weaker than that schematically described by the choosen surface
profile. Actually, the difficulty existing in LiF for the observation
of optical modes is that the radius and the polarizability of Li ion

(the ion which moves in optical modes) are too small and consequently
so are both repulsive and attractive interactions with He atoms.

A better situation occurs in crystals like KCl, where the ions
have approximately the same mass and are both polarizable. Moreover in
KC1 optical frequencies are smaller than kBT (room temperature) and wi'
and can therefore be observed in both energy loss and gain processes.
Indeed in KCl(OO1), besides sharp RW peaks, additional structures cor-
responding to the strong resonance S8 are observed in TOP spectra: 1

such experimental points are compared to the calculated dispersion cur-
ves in fig. 6. Further weak and barely resolved features can be related
to optical modes of higher frequency (S2 , S6 and S4), but such inter-
pretation is still sub judice. We hope that future measurements will
confirm this stimulating observation.
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GRAPHITE SURFACE PHONONS STUDIED THROUGH He ATOMS RESONANT SCATTERING

P. Cantini, G. Boato and R. Tatarek
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Abstract.- He atom scattering has been "-ed to study phonon-assi
sted bound state resonances and the Debye-Waller factor for the
basal plane of graphite. A dispersion relation is reportd for
the surface phenons involved in the resonances. The attenuation
of the specular peak in the temperature range from 20 to 315 K
is used to derive the mean-square displacement <uf) of surfdce
atoms, perpendicular to the (0001) plane. The anomalous thermal
behaviour of .(u is explained by considering the layered struc-
ture of the crystal.

Light atom scattering is in principle a powerful technique to study

surface lattice dynamics. Detailed information on the dispersion rela-

tion of surface phonons can be obtained in special cases with the only

study of angular distribution of the scattered particles, without any

energy analysis. This is just what happens with the study of phonon as

sisted resonances, a process that was extensively studied recently for

the He/graphite system [1].

We recall that the kinematic conditions for a scattering process invol

ving the exchange of a single phonon are:

k2 k2 ± 2M/ , K K 0 G ± Q (la-b

where k=(K,k z ) is the wave vector of the gas atom of mass M, whilel(woq

and Q are the energy and parallel wave vector of the exchanged phonon;

G is a surface reciprocal lattice vector. For in-plane scattering, a

resonant structure in the angular distribution of the scattered atom,

located at the polar angle 9* and observed at incident angle must

permit to obtainfco* and T* for the involved phonon through the solu-
q

tion of the two equations

k2i2&* 3 (K4:Q*22t/.f t
2  0(20 q oI
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k ±2MW*/I;-(K 47Q*)/sinl9 0 (3
0 q 0 f

where Eq.2 represents the condition for an atom to enter a bound state

(f,- ) while Eq.3 is the condition for the atom to be scattered at a

given final angle 1 through the final F diffraction channel. The re

sonant state labeled (P_,N) is an intemediate state in which the atom

is diffracted in a closed channel N, with its perpendicular energy ne

gative and equal to an energy level E. of the atom-surface potential

f 2k /2M E.< 0.

For He/graphite system we selected and analysed about 120 angular

distributions, where about 180 resonance structures were identified.

Details of the experiment are reported elsewhere [1,2]. The angular po

sitions of the resonant structures (o', $f) gave, through Eqs.2 and 3

the fU* and *of the phonon involved in the resonance. All the observ
q

ed points belong to a limited region of the surface projected phonon

dispersion relation W(). The best fit region of the experimental

points is reported in Fig.1 as a dashed area, and compared with the

dispersion relations W(-) for bulk phonons travelling along the rM

direction, as obtained by neuticon scattering [3]. The experimental

region contains the transverse acoustic mode TA, for bulk phonons;

this seem to indicate a strong contribution of Rayleigh phonons to

surface scattering.

In order to study the thermal vibration at the surface, the ipe-

cularly reflected intensity was also measured at several incident an-

gles, for surface temperatures 20 K< TS4.315 K. The thermal attenua-

tion of the specular beam was represented by the conventional Debye-

-Waller formula P exp=P elexp(-2W), where the D-W coefficient for atom

scattered by surfaces is 2W=q (u ) , q being the momentum transfer

perpendicular to the surface. The elastic probability Pel was calculat

ed in the eikonal approximation and the (u1) values were obtained from
Pexp" The average values obtained at different surface temperatures

are reported in Fig.2 with their statistical error. The <u2> value at

room temperature is in agreement with the bulk value obtained by Chen

and Trucano 14), who evaluated a Debye temperature of about 530 K.

However the temperature dependence does not follow the Debye curve,

reported in Fig.2 (curve (a)). We tried to explain the appreciable

i.



C6-803

1' MIL <2 (U> (bE00 - (a)

E

TO

20-

I 100 200 300K
0 0.1 0.2 0.3 0.4 0.5 0 0Mean-square dis lace-

ment of surface atoms <u3>vs

surface temperature, compared

Fig. 1 Most probable experimental with the Debye curve (a) and the
dispersion relation of surface pho- curve calculated in the text (b).
non (dashed region) compared with
the bulk phonon spectrum in the rM
direction (Ref.3).

decrease of (ut> at low temperature taking into account of the aniso-

tropy and the layered structure of graphite crystal. We assumed a qua

dratic dispersion relation at low Q, as obtained by neutron data [3]
and by atom scattering. Details of this calculation are reported else

where []. The <u2 so calculated is reported in Fig.2 (curve (b)).

It appears that the temperature dependence of the experimental points

is now well reproduced. The remaining shift of curve (b) can be attr

buted to both some uncertainty in the absolute experimei.,al intensi-

ties and to the simplified assumed phonon spectrum.
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THEORY OF ACOUSTIC PHONONS AT INTERFACES AND BRILLOUIN SCATTERING
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Abstract.- We present calculations of the Brillouin cross section for a metal-
lic thin film (Al and Au) on a Si substrate. The results for the Al coating
are explained in terms of scattering from the surface corrugation due to the
thermally excited acoustic phonons. In the case of Au we find an appreciable
contribution from the elasto-optic coupling in the film.

1. Introduction.- For clean surfaces, it has been found that the light is inelastical

ly scattered both from the dynamical corrugation of the surface due to the phonon

field (ripple effect)(1) and from the dielectric inhomogeneity of the medium (elasto-(2)
optic effect) . In both cases the spectral function shows structures related to the

surface modes (Rayleigh waves-RW) and to combinations of bulk modes with modes locali

zed near the surface (the so called mixed modes) (3,4). In this paper we consider the

case of coated surfaces and we show that the interface existing between the coverage
(5,6)

and the substrate causes new modes to appear in the Brillouin spectra . The calcu

lations will refer to a (001) Si substrate and to backscattering geometry, that is
the scattered light is assumed to be collected in a certain solid angle around the

incidence direction, making an angle 8 to the surface normal. Under these conditions

the experiments probes the Fourier components of the phonon field with a fixed paral-

lel wavevector Q, , equal to minus twice the parallel component of the wavevector of

the incident light 7 . Conversely, due to the lack of translational invariance along

the surface normal, all the complex normal wavevectors q of the phonon field are

mixed in the experiment and contribute to the spectra. We consider here a parallel

wavevector Q, directed along [100] and TM light of wavelenght 5145 A. The angle e is
equal to 700

2. Calculation of the cross section.- The computed cross section for a coated surface

is found to be thi square modulus of the sum of four contributions (8), due to: a) scat

tering from the surface ripples (proportional to IVz I computed at the film suface),

b)scattering from the interface ripples (proportional to IVz1 2 at the interface), c)

and d) elasto-optic coupling in the film and substrate respectively. The latter two

terms are complicated combinations of the normal modes of the two media. Let us first

shows a comparison between experiment and theory in the case of an Al coating. A tan-

(7)dew mltipase interferometer (5 pass plus 2 pass) has been used 7
. The fig.1 refers

to film thickness of 2000 X. The experimental points are compared with the cross sec-I __ ___ ____
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Fig. I :Experimental (dots) and computed (full line) Brillouin cross section
for a 2000 A film of Al deposited on Si (Stokes spectrum). The broken line shows
the spectrum without the contribution of the continuum of phonon mixed modes.

tion computed by including the contribution a) only. This is in fact very reasonable
(1,3,4)for the Al surface, due to the high value of its dielectric constant . Also in

our case of a supported film, an explicit calculation with the elasto-optic coeffi-

cients of Al and Si confirmed that the only important term is a). Although this term

depends on the dislacement field at the film surface, it shows important features due

to the presence of the interface. In Fig.1 the frequency of the 366, nearly 11.3 Gz,

is strongly different from that of Al, that is 10.4 GHz. Indeed the most dramatic ef-

fect due to the interface is the appearance of a Sezawa wave (SW1(9) at about 16 GHz

and of a Lamb wave (LWI) at 18 GHz. They are followed at higher frequencies by a con-

tinuum of phonons, extending from 21 to 30 GHz. These modes eventually give rise to

new thin-film modes, on further increasing the thickness.

We pass now to a gold thin-film. The dielectric constant of gold at 5145 A is

very small (C--3.19+i2.47) and we expect an appreciable contribution from the term c).

This is clearly shown in Fig.2 for 1000 1 of gold deposited over Silicon. The posi-

tion of the RN, of the Sezawa and Lamb waves and of the resonance in the continuous

spectrum (nearly 21 G~z) are well accounted for, but the relative awplitudes of va-

rious peaks is not reproduced. This is a clear indication of the importance of the

elasto-optic coupling in the film. Onfortunately the elasto-optic coefficients of Au

are not known and this prevents a quantitative comparison between the full theory

and the measured spectrum. However, calculations of the Brillouin cross section with

the elasto-optic coefficients of gold in the realistic range 1-10 gave strong modifi-

catims in the relative amplitudes of the peaks. In particular, the waves having

a strong longitudinal character (SM, LvI, 112 and 113) can be affected by the intro-

duction of the elasto-optic contribution. Instead M and 1%4, mostly transverse, do
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Fig. 2 As in Fig. 1. Gold film thickness 1000 A (anti-Stokes spectrum).

not depend on the latter coupling.

In conclusion, we have shown that the Brillouin spectra from thermally excited

acoustic phonons in coated surfaces differ considerably from those obtained in clean

surfaces. In particular, we have found important structures whose number increases

as the film becomes thicker. These structures have been explained in terms of thin-

film waves polarized in the sagittal plane (Sezawa and Lamb modes).

References

1. R Loudon,phys.Rov.Lett. 40, 581 (1978)
2. V Bortolani, F Nizzoli and G Santoro, Phys.Rev.Lett. 41, 39 (1978)
3. A Marvin, V Bortolani and F Nizzoli, J.Phys. C 13, 299 (1980) and references

therein
4. AMarvin,V Bortolani, F Nizzoli and G Santoro, J.Phys. C 13, 1607 (1980)
5. V Bortolani, F Nizzoli, G Santoro, A Marvin and J R Sandercock, Phys.ftv.Lett. 43,

224 (1979)
6. N L 1oll and G I Stegeman, PHys.Rev.Lett. 41, 970 (1978)
7. J R Sandercock, Solid St. Comun. 26, 547 (1978)
8. V Bortolani, F Wizzoli, G Santoro, J R Sandorcock and A Marvin, to be published
9. G V Parnell and 3 L Adler, Physical Acoustic, vol.IX, pp. 33-127, Academic Press,

New York (1972)



JOURNAL DE PHYSIQUE

Col oque C6, aupplrrnt au n' 12, Tome 42, ddcembre 1981 page C6-807

HOW MUCH INFORMATION CAN LOW ENERGY ION SCATTERING GIVE ABOUT SURFACE

PHONONS ?

D.J. Martin and R.P. Walker5

Department of Pue and Applied Physics, University of SaZfoz-4, SaLford,
Lancahire M5 4WT, U.K.

Dareabury Labor'atory, SERC, Warra ngt,- W44 4AD, U.K.

Abstract - Using correlation coefficients calculated iW the Born
von-flrmln model, the temperature variation of low energy ion
scattering spectra is shown to be capable of giving information
on surface Debye temperatures but not on detailed aspects of
surface phonons.

1. Introduction. - Low energy ion scattering IQ can be exploited to
give information on surface phonons L21 We have ahown,[3] using the

Debye model, that correlations between atomic vibrations have a

significant influence on these results and now extend these studies
by using the Born von-Kirmin model for the phonons. The results for ?
the ion scattering using this model, differ from the Debye case and

it should be possible to obtain information on the correlations.

However, the technique cannot readily give information on details such

as the force constant ratios.

2. Mean square atomic displacements and correlations.- On the basis
of an earlier study [4] we have developed a Born von-Kirmln calcul-

ation for <u 2(T)> and the correlation coefficientse( ,u ) in a

simple model of bulk monatomic FCC and BCC crystals. Only the next-

nearest neighbour and nearest neighbour force constants, of ratio 1,

are used. This model is crude for surface phonoms but it allows us

to examine the influence of the two major parameters T/&D (OD set

to agree with the Debye result for <u 2 (T--)>) and R.

The results for <u 2 (T/% )>are insensitive to R; they deviate only

a few percent fros the Debye result. In general the correlations are,

as expected, much more sensitive to A cad differ markedly from the

Deby* result, as shown in figure (1). However, the particular corre-

lation coefficient which is important for ion scattering is that for

displAemects perpendicular to the atomic row and, as showm in

• I! " -. i,
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figure (1), this is particularly insensitive to change in R. Studies

in other directions and also in FCC crystals reveal a similar pattern:

for orthogonal displacements eisl 60% of the Debye value and changing

R from 0.1 to 1.0 changes e by only 1 20%.

3. Quasi-double and quasi-triple ion scattering.- It is possible to

characterize peaks in the intensity against energy measurements of ion

ecatterir.6 spectra as quasi-double (QD) and quasi-triple (QT) [1j'. On

the basis of a simple two-atom model[31 the QD peak height' is found to

vary as A/ <uz 2>i(Pl)I where A is an (inaccurately knovn)constant,

related to the neutralization probability and scattering cross-section,

<u ,2> refers to displacements perpendicular to the chain and el is

the correlation coefficient for nearest neighbour displacements

perpendicular to the chain. Provided the measurements are extended

to T<<8D it should be possible to measure surface Debye temperatures.
+

Figure 2 shows a plot of the QD peak height for Kr scattering from

Cu <100> row, as obtained from "chain" simulation £32, against

(-l). The solid circles are the results for the correct

0 ; the open circles are the results if 0 is 20Z too high. In
D D

practice *D would be adjusted to give the best straight line through

the origin. Unfortunately, i. is difficult to extract separate

information on G and from QD results and lack of knowledge on

leads to errors In .

A simple three atom model [3] gives for the QT peak height:

0------------- 0.1 .~,p

100.

o 0 07s 1,0 IFS '46 44

ViI'.l:The correlation coefficients IFX.2: QD peak height from a comp-
as a function of T/O D for atoms of uter simulation for 1OkeV Kr

scattered for a <100> row of Cu 0separaton <111> in a Ce oatoic :to s  for a scattering anle -8-30 ,
crystals with R-0.1 and 1.0. The

dotted curve is the Debye result. plotted asainst /<ua>0 (1-el)I
The broken curves are for di place-for the correct value of o_-300K
ments in the <111> directio.The (solid circles) ad 60K

solid curves are for <ITO> (open circles). f

displacements.(oecils)

AV-0
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where <v 2Z>=< 
2>mk * /112 and nmd62mk/ft2
z D

D is a constant related to the scattering cross section and neutraliz-

ation probability, e2 thae correlation coefficient for diaplacements of

second nearest neighbour. in the row and6 the depth of the "thermal

pit" giving QT scattering. For T>>@D a plot of ln( QT peak height)+

ln(T) against lIT will have Slope 62 mkOj2/3tL'(3-4e1 et2 ). Again

separate information on 0 ande cannot be obtained. However, by

choosing the scattering conditions to give QT scattering for T<OGD
it is in principle possible to see evidence of the correlations and

to measure then as shown in figure (3) where the predictions of

equation (1) are compared with simulation results. Unfortunately,

because the relevant correlation coefficients are insensitive to

R, this information is of limited value.

If these results are true in general it follows that low energy

ion scattering is only intrinsically capable of giving information on

surface Debye temperatures and that QD peak measurements, extended to

T<<$, may be superior to QT measurements.

We are grateful to Dra G J Keeler, D G Armour, S A Cruz and

E V Alonso for discussions and the SERC for grant support.

jjg.32.QT peak height for 4KeV Ar+
A-scattered from a <110 row of Na '

atoms for-S-39.7 and E -2.93 to

3.OlkeV. The curves show the pre-
to diction@ of equation (l).the points

0 % are simulation results. Solid curve
- and solid circles:uncorrelated Debye

%~ m odel 01uMcI 1 . Chain curve:
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RESONANT BRILLOUIN SCATTERING IN OPAQUE REGION OF CdS

Y. Itoh, C. Hamaguchi and Y. Inuishi

Faculty of Engineering, Osaka Uiversit6 Suita City, Osaka 565, Japan

Abstract. - Resonant Brillouin scattering has been investigated in CdS above
and below the fundamental absorption edge at room temperature uring acousto-
electrically amplified phonon domains. Experimentally observed resonant
behaviour has been analyzed on the basis of light-scattering theory and
piezobirefringence theory. A good agreement is found when we take into
account both the real and imaginary parts of the Brillouin tensor and piezo-
birefringence coefficients, especially near the absorption edges.

1. Experiment. - Resonant Brillouin scattering studies making use of the acousto-

electrically amplified phonon domains have been reported by many workers. I - 5 ) In

these eperients, the incident photon energies were restricted to the region in

which the samples were transparent because of the experimental conditions that the

transmitted light signals were measured. Therefore, it is difficult to obtain the

dispersion of the grillouin scattering cross section in the opaque region due to the

strong absorption. To overcome this restriction, Chang et al. proposed to utilize

the scattering of reflected light and a high intensity Ar ion laser line between i i
457.9 im and 514.5 nm. 6 )  In the present work we adopted similar method except

Fabry-Ferot interferometer. The samples used in the present work are single

crystals with %- 20 ohm-ca resistivity and with the scattering surface of optical

flat mechanically polished and etched. The T2-mode phonons amplified through

acoustoelectric effect propagate in the direction perpendicular to the c-axis with

shear polarisatiou perallel to the c-axis. The laser light beam is incident on a

polished surface parallel to the c-axi and the scattering plane was perpendicular

to the c-axis. Here, the Brillouin scattering process produces a scattered light

out of the propagation direction of the reflected light beam. The light scattered

by the ripple mechanism shows no rotation of the polarization, but the scattering

by the elasto-optic mechanism is rotated by 90". 6) Our main Interest in the present

work is the latter mechanism in the opaque region. Therefore, we choose the

polarisation direction of the scattered light perpendicular to the incident light.

The interaction length between phomon and photon is comparable to the penetrating

depth (a "1 ) and restricted to the surface region. Thus the scattering is induced by

the surface acoustic wswe. The Identifieation of the surface acoustic waves was

made by the seomd velocity v(12) - 4 - (1.80O.O)xlO5 ca/sec and selection

rules of the light polarisation. tpermmats in the transparent region were mede by
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using the method reported elsewhere. 1-5)

2. Discussions. - Figure 1 shows wavelength dependence of the Brillouin scattering

cross section aB (in arbitrary units) for 0.5 GRz T2-mode phonons at room temperature,

where the open circles with error bars are obtained by the reflected light scattering

geometry and the solid circles are the experimental data obtained by the transmission

light scattering geometry. These two independent data were plotted by comparing

with the theoretical curves. According to the theory for surface elasto-optic

scattering in isotropic opaque materials, the cross section varies with absorption
2 16coefficient a, as (l+(aX/2wn)2]- . 6) For CdS at room temperature, the refractive

index n-2.8 and a is nearly constant ^ 105 cm-l , for 450 n (c X < 500 us. In the

region, the measured Brillouin scattering cross section is reduced by less than

= 5 Z.6 )  Therefore, absorption correction can be neglected. In the wavelength

region below the fundamental absorption edge, the Brillouin scattering cross section

has a deep minimum (resonant cancellation) at around 560 us.2) At shorter wave-

lengths, a resonant enhancement is observed in the neighbourhood of the absorption

singularities. We find in Fig. 1 a clear resonant enhancement in the opaque region,

where the three absorption edges 506 nm, 503 na, and 491 nm exist. Similar enhance-

ment in this region is observed in CdS by Chang et al.6 ) The resonant features

(resonant cancellation and resonant enhancement) in the transparent region have been

well explained by the following light scattering theory. It is interesting to check

whether the resonant enhancemer.Z in opaque region is explained by the same theory

CdS T2-mods 06 300 K

300 K -ABSUTE

Id - ABSOUTE

REAL FAT -- IMMVW

10K- 0 ! I ..................

0 hi --

Id-i4%00 500 600 700 0 ' 50 0 "7

YAdELEW6H (no)E'4T (m' (im)WWEEN (am)

Fig. 1.-Dispersion curVed of Drillouin Fig. 2.-Dispereion curves of photoelastic
scattering cross section for 0.5,01: cmtaut P44 obtained from the data shows
acoustic phonons. The present data in in Fig. 1. The present data in the
the opaque region is bom& by open opaque regiou is sbow by open circles,
circles, while the data in the tres- while the data in the'trnsparent reglon
parent ragin is shown by closed circles, Is shown by closed circles.

. , 4J -, . .
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with the same parameters. In order to clarify this problem, we extend the existing

theory in the opaque region. The scattering cross section 0B, derived by Loudon has

the form: 1-5,7)

RiB_+R ,) [1( - r)]  (1)SIB R s+ R 12, R s v 00,oa
is 0 is V [Wr(w +iT)Wa-( i)

where Ris is the frequency dependent Brillouin tensor, iw and w s are the energy

of the incident and scattered photons, fuq is the phonon energy, E is the matrix

element of the deformation potential scattering, P00 and P o are the appropriate

momentum matrix elements, and R is the non-resonant term arising from far off

critical points. Equation (1) indicates that the scattering cross section increases

as the incident photon energy 1w I approaches the electron-hole pair energy Ua or

16 . The resonant cancellation (aB = O) occurs when RIs + R- o. r is a phenemeno-
logical damping factor which is important in the resonant regions. A solid curve in

Fig. 1 is calculated by eq. (1) including both the real and imaginary parts of Ris'

where the exciton effect is taken into account in the manner derived by Zeyher et

al. 4 ' 8 ) On the other hand, a dashed curve is calculated by taking into account the

real part of eq. (1) only. The experimental data show a good agreement with the

former results but a poor agreement with the latter calculation. From these results,

we conclude that the imaginary part of Rls plays an important role, in particular, in

the region of the absorption edges.

It has been shown that the Brillouin scattering cross section is analyzed from

phenomenological aspect by incorporating the piezobirefringence theory. 3-5) in

Fig. 2 we show the dispersion curves of the photoelastic constant P44 determined by

the relatim a O(T2) _P 41p+ Ipi , where the superscript r and i indicate the real

and imaginary part of P44' respectively. Since the present method does not give

signs and absolute values of the photoelastic constant but relative values, they are

adjusted to the values of Yu and Cardona, P4 =-0.054 at 630 us. ) The theoretical

curve of the absolute value of P4 (IP 4 + i 44 ) obtained from pietobirefringence

analysis shows a good agreement with the experImental data in the region investi-

gated. This indicates again that the imaginary part of the photoelastic constant

plays an important role to determine the dispersion and thus the dispersion of the

Brillouin scattering cross section in the resonant enhancement region.
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THERI4ALIZATION OF HIGH-FREQUENCY PHONONS IN SILICON SINGLE CRYSTALS

R.E. Horstman and J. Wolter

Phzilipa Reaearch Laboratories, Eindhoven, The Netherlands

Abstract.- Heat pulses generated by means of small constantan heaters were
transmitted through long silicon single crystals. Despite isotope scattering
we find the transmitted energy to depend linearly on the applied heater power
for heater temperatures between 5 K and 30 K. We obtain evidence that rapid
thermalization of the phonon pulse takes place in the vicinity of the heater.

We report on experiments performed to study the influence of isotope

scattering on the transmission of high-frequency phonona through long silicon

crystals. The observed pulse shapes cannot be described with simple models for

ballistic or diffusive phonon propagation. The experiments indicate that frequency

down-conversion of high-frequency phonons takes place within several microseconds in

the neighbourhood of the phono generator.

The experiments were carried out on two dislocation-free silicon single
crystals with cylindrical shape (5 cm diameter). One crystal (10 ca long) was grown

along the 1I111 direction, the other (6 ca long) along the [100] direction.

Coustantan heaters (impedance 50 ohms) and aluminium bolometers (0.5 * 0.2 m2) were f
evaporated onto opposite crystal ends. The crystals were imaersed in liquid helium.

Only the heater and the bolometer were mounted in vacuum cans.

Voltage pulses (50 ns duration) were applied to the heater. The detected

signals were recorded by mans of a Biomation 8100 transient recorder and stored in

the namory of a icolet 1170 digital signal averager connected to a computer system

for further data handling.

Typical signals for several heater temperatures are displayed in FIS.l for the
[111] crystal. 'The amplltudes of the pulses have been scaled to the saso height to

allow a better comparison of the pulse shapes. The arrows indicate the expected

arrival time for ballistic phonon propagation of the transverse phonon sodes [1].

These times are In good agreement with the observed onsets of the heat pulses.

However, the observed signals are substantially broader than the duration (50 no) of

the original pulse applied to the heater. A negligible part of this broadening is due

to the time constant of the bolometar (100 n) and the finite dimarniomu of the

heater and the bolomter. From the data [2) for the isotope sattering time we

calculate the arrival times for the maximum asplitude in the phonen flux at the

dominant phoon frequency In the Planck spectrum for different heater temperatures
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(Table I). These times are much longer than the times observed for the arrival of

the maximum phonon flux. Thus simple diffusive phonon propagation caused by isotope

scattering does not explain the observed pulse shapes.

(n

W " ...

X 15K
. Figure 1: Boloeter signal for
0 4.5 K transverse phonons as a
go A function of time for different

20 21 22 heater temperatures.

TIME OF FLIGHT [PSI

T!u/K fd4/TKs )k /m ta/ps-
3.8 0.2 100 20 Table 1: Calculated mean free path ) ad

6.7 0.4 10 100 xpected arrival time t of the maximum phonon
flux for the dominant pfionon frequency fd in

12.0 0.7 1 1000 the Planck spectrum of a heater with

21.0 1.3 0.1 10000 temperature TH  • I

We also determined the total energy arriving at the detector by integrating

the phonon signal for different heater temperatures. For the L and T phonons in the

[1111 crystal lig.2 shows the energy in the phonon signal as a function of the

emergy applied to the heater. The absolute energy scale was obtained from absolute

measurements in the anner described in ref.3. We find that, independent of heater

area and crystallographic direction, the detected energy is directly proportional to

the applied heater energy. From the strong frequency dependence of the isotope

scattering, however, we expect that, with increasing heater temperature, a decreasing

fraction of the phonoas propagates ballistically from the heater to the bolmeter

(dashed line in FIS.2).

The existence of isotope scattering in silicon wes clearly observed in heat

pulse reflection experiments (4,51. The fact that it does not show up in our

experiments sug sts that the propagating phnons have much lower frequencies than

the phooas Seneroted in the heater. From experiments with an Al-Pb tunneljunction

with tunable detection threshold [6] we obtained evidence that thermalization of the

heat pulse takes place: for all bias voltages the detector signal depends linearly on

the applied heater power indicating that the tunneljunction is simply wermed up.
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HEATER TEMPERATURE IKI
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0.01 / ballistically; (dashed line)
J X taking into account isotope

I/ J scattering

0.1 1 10 10 1000 10000

APPLIED HEATER ENERGY [nJ/mm2

To explain our results we suggest the following model. Due to isotope

scattering a hot phonon cloud [7,8] is formed in front of the heater. Inside the

cloud strong phonon scattering with efficient frequency conversion takes place. This

Is likely, because in many crystals anharmonic decay of L phonons at I THs takes

place within one microsecond [9]. Direct decay of T phonons is much less likely, but

due to isotope scattering T phonons can be rapidly converted into L phonons, which

subsequently decay. The dimensions of the cloud are defined by the isotope

scattering. From this clod low-frequency phonons escape and propagate ballistically

through the crystal. The observed broadening of the phonon signal at the opposite

crystal surface is determined by the lifetime of the high-frequency phonons inside

the cloud.
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SURFACE ROUGHNESS KAPITZA CONDUCTANCE : DEPENDENCE ON MATERIAL

PROPERTIES AND PHONON FREQUENCY

N.S. Shiren

IBM Thomas J. Watson Research Center, Yorktown Heights, NY 10598, U.S.A.

Abstract.- A recent calculation of the surface roughness contribution to Kapitza
conductance is compared with measurements on several different solid materials in
contact with He II.

In a recent publication i I have presented some results of a first order perturbation

calculation of the effect of a statistically rough surface on Kapitza resistance. These

results were compared with previously published data on Cu - He 3 , Cu - He II, and

NaF-He II interfaces. Excellent agreement in magnitude, temperature dependence, and

pressure dependence, was found at temperatures above 0.2 K for reasonably realistic

values of the parameters (r.m.s. amplitude and correlation length) characterizing the

roughness.

In this paper I compare the calculated Kapitza conductances for several materials

with measured values compiled by Snyder, 2 and also discuss the frequency dependence of

the scattered phonons.

Let M indicate the wave polarization in the solid; M - 1 for longitudinal waves;

M - a, v for waves polarized perpendicular or parallel to the plane of scattering, respec-

tively. Then, from reference 1, for an incident power per unit surface area per unit solid

angle per unit frequency, W1 |/oVI, at frequency w in the liquid, the fractional differential

scattered flux into mode M in the solid is,

DM M/M .kFMG( [-kk 1). (1)

and kM are the components of the wave vectors in the Klquid and solid, respectively,

parallel to the interface. The FM are dimensionless expressions which are functions of all

the various sceptering and input angles as well as the velocities and densities. a'M/lcM is

the scattered power per unit surface vno per unit solid angle per unit frequency.

__ _ _ _ _

- .I. --
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G(K) is the spectral density of the roughness modes with wave vector K and

amplitude K" For a simple exponential surface correlation function with correlation length

I and mean square amplitude <r2> (< > indicates an average over an ensemble of

representations of the surface), G(K) is given by

G(K) - _<_>/_K_ 2v- 2_232 (2)

(1 + 223/2(

The frequency dependence of DM is completely determined by the factor kMG. Let

H = ( kM-k H )/kM, then H is independent of frequency, and

k4G(kMH) - 2w <t2> (kMt) 4(3)M 1 2 [1 +H 2(k MO)2]13 / 2

Thus Dm is directly proportional to the mean square of the perturbation parameter kmr,

and I appears as a scale factor on the frequency.

The total power per unit surface area scattered into the solid is

Os- X f dOif dOmf dw~DMoafi/ ) .(4)

Its contribution to the Kapitza conductance is

h - 8Q/O T , (5)

and the total thermal resistance of the interface is

R- hK1 - (h' + hs) -  (6)

Fig. 1 shows the frequency dependence of Q for single frequency inputs. At the

low frequency end Q, 3C(kt)(<>/t 2 ) as expected from Eq. (2). However, for large

(ki) small values of H are emphasized and Q. tends to vary as the integral of Eq. (2)

(over HdH), i.e. Qse(kt) 2 (<r2>/ 2 ). Since, as shown by Fig. 1, the scattering probabili-

ty increases monotonically with frequency, for thermal inputs the scattered frequency

distribution is shifted towards higher frequencies. However, thru H the amount of the

shift is angle dependent; large angle inputs (from the hehlum) are shifted less than small

angle inputs. These results are not dependent a the spetfic form of G(K) used here.

They hold for any normalized G(K) which decreases monotonically with increasing K.

Snyder2 has tabultd the largest reported values of hK for meua materials. I have

chosen to compare the theory with these data (rather than, e.g. the asaasel repoed
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values) because it is more likely that . The integrations required for evaluation

of Eq. (5) were all computed numerically assuming Vi proportional to a Debye density of

states and equilibrium phonon populations. Of course, actual values of <r.2 > and I are
not known so some choice has to be made. I have used the same values of <r2>/12 and
I/vt (vt is the shear wave velocity) for all the materials.

Fig. 2 shows the relative values of hsplotted against relative h max (from Snyder 2 ).
Obviously, we cannot expect exact agreement because of the unknown quantities < 2>

and 1, however the general trend is correct.

0 . . Relative values of total transmitted
A intensity (QsXI 2 /<t2>) for He II to NaF,

eI -5 versus ktV. kt is the shear wave vector in the

solid.
x '10

0 -15 cafered Phonon Flux
So vs

rrequency 40 IVA
o -20

20
-4 -2 0 2 4

1Og, k; 
t,

10
Is

4

Fig.2: Relative values of scattering contrib- 2

ution to Kapitza conductance, ho, versus
largest measured values 2 of hK for the indi- 1 2 4 10 20 40
cated materials in contact with He II. hK (kW/mK)--Exp.
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EFFECT OF SURFACE ROUGHNESS ON THE KAPITZA RESISTANCE

T.J. Shen, D. Castiel and A.A. Maradudin

Department of Physics, University of California, Irvine, California 92717,
U.S.A.

Abstract.- The Kapitza resistance due to acoustic phonons crossing a rough
planar interface from liquid He into an isotropic solid is investigated, and its
characteristic function, viz. the penetration coefficient is calculated as a
function of the frequency of the incident phonons and their angle of incidence.

The propagation of acoustic phonons across the interface between liquid ell

and a solid has been proposed as the mechanism giving rise to the thermal boundary

(Kapitza) resistance at this interface1 . However, this process predicts a Kapitza

resistance 10-100 times higher than the experimental results. This indicates the

existence of additional heat conduction mechanisms. Among the possible candidates

are the diffusely scattered phonons, which are observed in phonon reflection and

transmission4 experiments. To account for the diffuse phonons, the theory of a

rough interface has been introduced in some simplified versions.5 '6 Here we re-

examine the effects of roughness. We consider a system in which the

regionx3>(x ) is filled wth liquid Hall, while the region x3<€(I) is filled by

an isotropic elastic medium. We treat both media as non-dissipative.

The surface profile function r(zj) is taken to be a stationary stochastic

process with the following statistical properties. (1) <C(Xt)1 = 0; (2)+ ;)>, 62e _ +,
(XI)r(Xl)> 6exp(-Ix 112/2 ), where 6 and a are the root mean square

departure of the surface from flatness and the transverse correlation length,

respectively.

The heat flux Q across the interface is given by
2

Q . =0 f dkk n(r-)f dcosOcoesO(k,O) W (1)

(21) o a o

where n is Planck's function, c, is the sound velocity in liquid Be, P(k,S) is the

penetration coefficient of a phonon with somentumA(ku II) incident from the

liquid side at an angle 0 into the solid and is given by

<strans>

3

, - ... '" .. . .-
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inc _trin.

where S3  and <S3 t > are the normal components of the incident and the statis-

tically averaged transmitted energy fluxes. These energy fluxes depend on the

velocity potential #(xt) in the liquid and the displacement field u(xt) in the

solid which are, for x3>r-. .

= eIit x ix(k 3  d
2 ql iql-xl+ino(ql)x 3

(20 21(3a)

and for x3 < an'

l2v)t 2 q -io (q )x
u.Jxxtt)u.(X't)) f- '2 e le

(2W)

x q )A2 + e • I() 3)),eA i 1 A(, 1--qq-q A3 )} (30)

where we have denoted A.( ,i ) (j 1,2,3,4) by Aj for simplicity. In these
e . a - Jand 2 C2 1/2 for q<(/c andexpressions q. qq 1,2, ap(ql) - (w -q and

i[ql -2 0 2p 1 1 /2for q>m/c , with? - o,1,t, and c, c and c are the

longitudinal, transverse sound velocities in the solid and the sound velocity in

liquid He. These coefficients are determined by the boundary conditions, viz. the

continuity of the normal cueonents of the velocity and the stresses acting on the

surface x3 
= C( l), and the perturbative solutions for then can be written in the

following formsJ

A.(q =k a (2w) 8(q- 1 ) * C(ql-kl)a (qlk) +

d dyI + 1 I (2)-
S -(ql, ) , j - 1,2,3

(4a)

(1) d y I + l+l(2) + +

(-*)a 4  (q* 1  *f--j (q-y*)C(y*-t )a (q,yI*

(4b)

where the superscripts denote the order of the oerrespoodig term in C(l)

and C(II ) is the Fourier transform of (l). In terms of these coefficients,

P(kS) can be separated into a specular part sad a diffuse part

P(kS) - Ps(k,e) + Pd(k,O) , (6)

where 2 2() 2kl'It(kl I(

P (kS) " (Ia(°)(k )12 {[2tkl) - CA(
S &9b 2 1 sell2
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2 d q, + + (2)..
x [ + 26 Re f7 g( k-q*. (I .. k.) +

(2y)

2 222

2k 2 2 k2 -u2 2(k

+ (o).. ( 1), .Re( I q Il o~ l l (ot (1 +
2 Id 2 (qk l I + - +

x 11+ 262 Re Pd'q1  I)(ll ) )1 ( 2 } I .+

(2w)

- 2 d 2  q 2-a 2(q1
Pd~k p kcos9 Ia(1 I~

(2w)q

2 2 2

() () 2 2q, q 1 -0 (q 1 (0) () +12

+ atq,) () 1it 1 ) 1 3 + ( (6b

where p and Op are the mass densities of the solid and liquid He, and the result
that < I( l)q( )> - 62(2w)2 6(91+ t)g(k I ) has been used. We use an adaptive

numerical integration scheme to evaluate the diffuse part of the
penetration coefficient, which is shown in
Fig. 1 for S= a, and will present the results
for the Kapitza resistance elsewhere. In Fig.
1, the tw8 peaks at the angles of 6.40 and
nearly 90 come from the excitation of genera-
lized Rayleigh waves and stoneley waves, I~respectively.

N Fig. 1. The diffuse part of the penetration

coefficient versus the angle of incidence for two

different frequencies *(c k).
0
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PHONONS OF THE METAL/AMORPHOUS SILICON INTERFACE STUDIED BY

INTERFERENCE ENHANCED RAMAN SCATTERING

R.J. Nemanich and C.C. Tsai

Xerox Palo Alto Research Center, 3333 Coyote Hill Road, Palo Alto, California
94304, U.S.A.

Abstract. - The Interference enhanced Raman scattering (IERS)
configuration is used to study the initial interfacial interactions of thin
films of Pd or Pt on hydrogenated amorphous silicon (a-Si:H). Sharp
spectral features are observed in the Raman spectrum of as-deposited
Pd on a-Si:H which are attributed to crystalline Pd2Si. In contrast, for
as-deposited Pt on a-Si:H, broad spectral features are observed which
are attributed to an Intermixed Pt-S phase.

SUicide formation at metal-semiconductor interfaces is an Important aspect of
future technologies and relates to te nature of Schottky barrier formation. Most work
has been concerned with interactions at metal-crystalline silicon InterfacesYu However,

since hydrogenated amorphous silicon (a-81:H) has exhibited true semiconductor
properties, Interactions at the metal/a-Si:H interface will also be important and could be
quite droet from Interactions an crytaine SI. In this sty Raman scattering used
to probe f Initial interactions at the InteIace of Pd and Pt on aSi:H.

Although light scattering has proved a very useful probe of lattice vibrations of
insulatos emiconductors and even some metals, this probe has only recently achieed
any success in studying the physical interactions at interfaces and surfaces. In particular,
the metal-semiconductor Interface has proven to be a particularly difficult configuration,
but the interactions at a metal-semiconductor interface are both physically varied and
technological~Irtant There are sver major experimental problems with ght
scatlering a standard backecattering configuration. Firstly, the interface region Is a
small portion of the sample, and excitations of the region are often "masked" by those of
t siconductor. In addition, because of the high reflectivilty and absorption of visible

light from metals (or semiconductors), it is difficult to illuminate the "buried" interface.
Furthermore, the scattering that does occur Is strongly absorbed. While thwe has been
recent success uing standard Raman backacattering techniques to explore the mtal-
semiconductor Interface, a new technique called Interferenoe enhanced Raman sattern
IERS)3 hols the possibility of routine akation to many prob i thI am.

The ERS configuration utlke a mutlayer samp conflguration which enhances
Ihe s* by optical interference properties. For scattering from a metal/a-SI:H Interface,

a four-lw structure Is used and a shematic of this structure is shown In Fig. Is. This

: -- - -- -- __ _ - _ _ ' "-" ""- I
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Fig. 1: (a) A schematic of the four-layer FREQUENCY SHIFT (an-')
sample configuration used to obtain
Interference enhanced Reman scattering
(IERS); Mb the electric field intensity, due Fig. 2: The Raman spectra of (a) a-SI.l
to 514.5 nm light Impinging on the (b) 2 n Pdon a-S:H and (c) 5nm Pt an
mulilayer sample shown In (a) at normal a-Sl:H. Polarized spectra are shown In
hncdence. The dashed lined reproeente (b) and the symbols refer to the
the ligh Intensity If no sample were polarization of the Incident and scattared
prosent gt with reopect to the scatterin plane.

configuration consists of an optically thick aluminum laste, a 40 nm 81102 layer, a 10 rn a-
SM WW eandaPd or Pt layrof 2to 6nm. Using the bulk optical properties of these
films, we can calculate the figt intensity, Inside toe ownple due to the Incident 514.5 nm
rodklon. The rmoults of ti calculation inicate In Fig. l b show that the "ih intensity is
a maximum at the 114veo and Is actually equal to the incidentd Wih irntensity. This,
Intensity could be 5 to 50 times stronger thanI that at a similar meta interface on a thick
semiconductor. In addition, the same Interference conditions that cause the optimiatio
otf IcideNgt alec c aenhanced nra mieo f h eansatre ih
which originates at the bntrface. This can cams an additiona enancermn of up to a
factor of14. Thue, the Raman scatterN sina from the Interfooe using 0ERS may be 200
times stronger tha from normal backscatter cofg-to. The BERS cofigutedo

h old h additional benefit of reducing the aubetrate exciation on two grounds fth
se iconducior is ivty VWb and the *ptio InvWtrwl @ desruoth for ingcbtulon
deeper In. fte ssospi

The a-UH VIesd In this tudy was deposite by pleadcmoiinof pure
don where 1 to 2W of if powe sudalne teIN plgui&, &XtI *a~ai were hob at
ft t i t a %mevWsf of X20"C TMe reeuitmW mateIWIs istn -1o hole low dWto

de @Wieem coft, -8 at' K*1 The Pd vm VomrmdvII sqorsntMd altr fth a41*I
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deposition, and the a-SI:H film suffered an exposure to air for loss than 15 min.

The Raman spectrum of a-S:H In the IERS configuration is shown in Fig. 2a. The
broad continuous spectrum obtained from the a-S:H is essentially identical to that
obtained from thick a-SI:H films. And while not shown here, the second order Si network
vibrations and SI-H vibrations are also Identical to corresponding features from sim"ly
prepared thick a-SI:H fllms 5 Thus, the 10 nm a-SI:H film is essentially "bulk-like" In its
vibrational excitatos.

The deposition of 2 nm of Pd on this film causes dramatic changes in the Raman
spectra. Polarized Raman spectra shown in Fig. 2 b display several sharp features. Since
Pd has no first order Raman spectrum, these features are attributed to a crystalline Pd-
ailicide compound which forms at the interface of the Pd and a-S:H film. By comparison
with thick slicide films formed on crystalline Si, these features can be attributed to a form
of Pd 2Si. It should be emphasized that the sharp lines indicate the presence of a
crystalline compound. To determine the extent of the initial silicide formation, 3 nm and 6
nm Pd films on a.Si:H were also examined, and it was found that -2 nm of the Pd was
initially consumed to form a silicide. 6

The chemical similarity of Pd and Pt would suggest that a corresponding result
might be obtained. As Is shown in Fig. 2c, there are no additional sharp spectral features
after Pt deposition on a-Si:H. There is, however, a significant broad, low frequency
contribution not evident in any of the other spectra. This feature is attributed to an

intermixed Pt-sincon phase which lacks long-range order. Annealing of this sample to
200"C Cals the appearance of sharp spectral features which are attributed to crystlline
compounds Pt2S and PtSi. it should be noted that annealing both the Pt or Pd/a-Sl-H
struct Is to Improved Schottky barr propertile.7

We are ctainly encouraged by te suess of t O:M technique. mo r
limitation Is ta thin film. in-tlures am requid. Thus, it Is mier to work wlh

ro e mourtora, but with fte use of molecular beam epoaxy the scope of the
IERS tmlque may be broadened to eamine crystalline intraMe.

1. Tu, K. N. and Mayer, J. W., in Thin Fim kntdiffuelon and Reactions, edted by Poi
J. 1L, Tu, K. N., id Maye, J. W. (W y, New York, 178, p. 3.

2. OtvWa, GL, J. Vac. Sc. TechnoL 16l 1112(1t99
3 Connel, G. A. N., Nmminch, R. J., aid Tal, C. C., AppL Phy . LeMt , 31(100.

4. Knoftb J. C. anid Luoov*t. a, CRC CrL Rev. Sol~d S0t MA. Sal. & 211(1909
. Tea, Q C., and Nemenich, R. J., J. No-C. Scds, 35 & A 1 1(1 0.

6 Nanlah, R. .J, Tse, C C., and fimon, T. W., PhYL Rev. , , 66S(18Ol). .

7. Ti, C. C., ThOmpM , K .. , a" NPma R. J., Prso. Nih LkmalW" n
Corme, an AmAmmphos and Uid 1emlWnduaare, (1081) (in pr



JOURNAL DE PHYSIQUE

Colioque C6, mupplgment a no 2, Tome 42, dcembre 1981 page C6-825

FILM THICKNESS DEPENDENCE OF HEAT TRANSMISSION INTO HELIUM

P. Taborek, M. Sinvani, X. Weimer and D. Goodstein

California Institute of Technologyi, Pasadena, CA 91125, U.S.A.

Abstract.- A heater is pulsed at the interface between a sapphire crystal and
an adsorbed 'He film. For short pulses, the amount of heat absorbed by the
film saturates when the film thickness reaches a few layers, just as observed
in phonon reflection experiments. For longer pulses, however, there is little
difference between thin film and vacuum results, while substantial heat is
transferred to the bulk liquid.

After a decade of fast heat pulse phonon reflection experiments in many lab-

oratories, one of the most striking and persistent results is what might be called

the three layer effect. Narrow heat pulses (50 - 100 nsec) traverse a crystal

ballistically, are reflected from a surface, and return to be detected by a bolo-

meter. The maximum bolometer signal is seen when the surface is in vacuum. If
the surface is coated with a thin film of helium, the signal diminishes, indicating

that some of the heat incident upon the surface has been transmitted into the

helium. This change in the signal saturates at about three atomic laers of

adsorbed helium. No further change is seen as the film thickness increases to
infinity (bulk liquid).

We have performed a series of experiments which throw new light on this three

layer effect. In these experiments, an ohmic heater is evaporated directly onto a
crystal surface upon which the He film thickness may be manipulated. On the far
surface of the crystal, a superconducting transition bolometer in a constant tem-
perature superfluid bath detects that portion of the heat which enters the crystal

rather than being carried away by the helium. The crystal is a sapphire cylinder,
57 m in diameter and 9.5 m thick, oriented with the heater and bolometer along
the crystallographic y-axis. Since the power dissipated in the heater is shared

between the crystal and the helium, we call this the "power sharing" geometry. 1 )

(See Fig. 1 inset).

The results of these experiments may be summarized briefly as follows: when

narrow heat pulses (150 nsec) are used, the bolometer signal is much like that in
reflection experiments, most of the change being due to the first three layers
(see Fig. 1). On the other hand, when wide heat pulses (- 10 usec) at the same
power density are used, the bolometer signal for a three laer film barely differs

from the yacMW result, while substantial transmission is observed into bulk
*Suppted in part by DNR Contract # N00014-80-C-0447.

1':
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NARROW PULSE

7--- Wimrs

............ b./ H Fia. 1 :Phonon signal in
CRYSTAL power sharing geometry for

various He film thicknesses
on heater. Heater pulse

width 150 nsec, heater power
density 0.2 watts/m (typical
power density in reflection
experiments: .02 W/amm2 ).
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liquid (see Fig. 2).

These observations imply that the three layer effect is a consequence of the

kinetics of film desorption. A detailed calculation indicating that this is indeed

the case will be discussed briefly below, and presented in full in a subsequent

publication.

Previous investigators have attributed the three layer effect to other causes.

Guo and Marls'"" reported a correlation between heat transmission and film thick-

ness. That observation irplies that the coupling of heat across the crystal-helium

interface (i.e., the anomalous Kapttza effect) comes into play in the first three

layers or 10 1 of film. Dtetsche and Kinder (3) argue instead that the transmission

of heat is etermined by the pressure in the helium gas, which governs the effec-

tive interfacial resistance between the helium film and the gas. The latter hypo-

thesis alone does not explain our long heat pulse power sharing results, since the
pressure in the gas is not affected by our heat pulses.

To account for these and other experiments, we have formulated a model of the

kinetics of thermal behavior in the film-gas system, when heat Is injected into the
film. Equations are written for the conservation of energy and mass in the film,
the dynamical variables being the film thickness and temperature. Energy flows

across the film-solid interface mediated by the Kapitza resistance, which is

assumed to be Independent of the film thickness. The equations can be linearized
and solved analytically for reflection experiments. In the power sharing experi-
mnts, where the power densities may be much higher, they are solved numerically.

The central result of the calculation is that whan heat is injected into the
film, it evolves toward steady state behavior with a characteristic time, To, which

Is typically of order 1 usec. At times short coaered to To , energy Is consumed by

-
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the latent heat and heat capacity of the film. At longer times, much less energy

is transmitted out of the solid since the only remaining mechanism to carry it away
is the excess kinetic energy of desorbed atoms over adsorbed atoms in the steady

state. In this way, the model accounts for the results in Figs. 1 and 2 of this

paper. It also predicts the three layer effect in narrow heat pulse reflection

,.eriments. In particular, it is in quantitative agreement both with the results

of Guo and Maris(2), and with those of Dietsche and Kinder. (3

In conclusion, then, we believe the three layer effect is not a consequence

of the evolution of the Kapitza effect. It is due instead to the kinetics of the
desorption process. No new information is revealed about the mysterious Kapitza

resistance, but we see that heat pulse techniques using. fast heaters and bolometers

constitute an excellent way of studying the inortant problem of desorption

kinetics.

eferemnc: 1. T. Ishiguro and T. A. Fjeldly, Physics Letters 45A, 127 (1973).

2. C. J. Guo and H. J. Naris, Phys. Rev. ALO, 960 (1974).

3. W. Dietscte and H. Kinder, J. Low Top. Phys. 23, 27 (1976).
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PHONONS AT METAL SURFACES

C. Schwartz and W.L. Schaich

Physics Department, Indiana University, BZoomington, IN 47405, U.S.A.

Abstract. - We examine phonons at metal surfaces using hydrodynamic
equations. The principle focus is on the strength of the electric field
produced outside the metal by such oscillations. We find that the
magnitudes of these coupling strengths for both surface and bulk modes
depend crucially on the boundary conditions imposed at the surface.

1. Hydrodynamic model. - Our linearized continuum model of the coupled motion of

electrons and ions is defined by the equations:

k I + p. [(2 X ( x (a)
at 41r ci i T

,,W2

a P. [)2 (lb)
a 4w e t@I~ el

- , r. ( -. l e  - -t i) ( 1 0

where e and i subscripts refer, respectively, to electrons and ions; i is the

(longitudinal) electric field; Po the (constant) equilibrium ion charge density,

Qp and wp are the ion and electron plasma frequencies; the c's and ae parametrize

short range restoring forces; and the Z's are displaceont fields reltted by a

time derivative to the current densities 4-1 and -e As Note

that we have neglected retardation and discrete lattice effects and that only the

ions sense transverse forces, via cT. In bulk material at a general frequency w

one has electronic longitudinal waves and ionic longitudinal and transverse waves.

When one considers excitations near a surface, where P. drops discontinuously to

zero, linear combinations of these bulk modes plus excitations varying as

el'9e - qI x l must be used. Here Z (and the wavevector 9) lies in the surface plane

while x is normal to it. The coupled modes are labeled by w, Q, and polarization

indices. To determine the eigeimodes of (I) requires in general the imposition of

five independent surface boundary conditions. For the first two, we use continuity

of the potential * (&-10) and continuity of the normal component of the displace-

ment field. This last is equivalent to A (1-x)-4vos , where o s is the induced

surface charge density andA (...) means the discontinuity in (...). For the other

boundary conditions we have examined seireral possibilities. Consideration of metal

or plasma physics suggests we set cT-O, which eliminates the transverse modes and

- ------
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one boundary condition, and for the remaining two conditions require at the surface,

Ti.x = 0 ' , (2)

which we call case C. Note that (2) implies 0s.O. On the other hand, elasticity

theory suggests we keep cT# 0 and instead require (case S)

a i =0 = e (3)

where a is the stress tensor that leads to (1).

2. Results. - The different boundary conditions (2) and (3) lead to dramatically

different predictions. Consider first possible surface modes. With (2) there is

a surface mode Just below (at each Q) the bulk longitudinal modes. This mode has

been found also in less general (c =O) models. 1 , 2 With (3) a surface mode only

appears below the bulk transverse modes. This surface mode is in essence a

(stiffened) Rayleigh wave. It requires a finite cT and the effective longitudinal

sound speed is v2= C2+c2 where Qpc=ks with ks-Wp/a . To discuss the possible

external coupling to these modes we have quantized them and write the external

potential as 4(x)-j A2 e iQ -X e -QX(a +a8 ) where at (a) is a creation (annihilation)

operator for the srface mode g. A similar expression holds for the coupling to

oulk modes. In figure 1 we plot AQ vs. Q for the cases C and S and also an

analogous quantity from the theory of Rahman and Mills3 , case R.

CS CT -CL/fT xo 3

Fi.1 External coupling strength
parameter A for surface modes resulting
from different boundary conditions versus

A surface wavevector Q. All A's are in the
same arbitrary units. Other symbols are
defined in the text.

c

,0-0
Q/ k,-

In figure 2 we plot a quantity B, proportional to the sum of the squares of

all the finite A's for the bulk modes at each w and Q. Simple integrals of B

determine experimental quantities such as image potentials, electron loss spectra,

or thermal diffuse scattering. I
____ ___ ____ ___ ____ ___ ___
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Fig. 2: External coupling strength
parameter B (dimensionless) for bulk

o- modes subject to different boundary
conditions versus surface wavevector
Q at fixed frequency w. See text for

Rx1O definition of the other symbols.
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The most striking feature of both figures (1) and (2) is the small relative

size of the A's for case S. They are reduced by roughly W2 /u 2 compared to thow;

for cases C or R. Closer study shows that the condition a .x'O is the cau .i e

this reduction. Requiring the electrons to sense zero stress at the surface

essentially suppresses any external fields at frequencies comparable to 9 < .p P

This work was supported in part by the NSF through grant DMR 78-10235.
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SURFACE LATTICE DYNAMICS OF NICKEL

V. Bortolani, A. Franchini, F. Nizzoli and G. Santoro

Istituto di Fisica and G.N.S.M.-C.N.R., Universitd di Modena, 41100 Modena,
Italy

Abstract.- In the framework of a central and angular force constants model, we
have evaluated the phonon spectrum and the loss function of the Ni (111) surfa-
ce covered with Oxigen. We explain quantitatively the main features of the
observed electron energy loss spectra.

1. Introduction.- In this work we are interested in the surface optical phonons of

the Ni(111) surface for which very accurate high resolution electron energy loss (ES

LS) experiments are available (). The detection of these surface vibrations with

EELS occurs through the dipole coupling. The dipole is provided by fraction of mono-

layers of Oxigen adsorbed on the metallic surface. As a consequence there are pro-

*blems of interpretation of the experimental spectra because one has to discriminate

between the modes of the substrate and the modes induced by the adsorbate. In order

to solve this problem we show here that a realistic surface phonon calculation is

needed. Our results indicate that the observed peaks relate to the phonons of the

substrate for the Rayleigh wave, but otherwise are due to the adsorbed layer.

2. Calculation of the EELS spectrum.- In the dipole coupling approximation, the EELS

scattering cross section has the form:

da kBT w z(QVl =0,W) w z(Q,1,l =1,W)2

1= -7 m 1 0 1m1 -1
z S

Here w is the normal component of the polarization vector of the excited phonon with

parallel momentum Q4 and frequency w. I z labels the atomic planes and is the urss
zz

of the atoms in the 1 zplane. it is clear from this equation that the "swhich are

detectable are those having a non zero normal component of the sum of the polariza-

tion vectors In the surface unit cell. In order to evaluate the surface phonon field

of Ni we use the slab method, in the framework of a central and angular force con-
(2)

stants parametrization . We present here the calculations for the measured UNLI

spectra relative to the Ni(111).o p(2x2) and to the Ni(111)-O (3xI/3)t30 geomtries,

depicted in Fig. 1. In both configurations the Oxiqen is bound to three Ni in a C3v

position.

We firstly consider the p(2x2) geometry. In this case the X point of the 2-4de

sional Brillouin zone of the ideal (111) surface is folded in r, so that z= detects
(1)the N phonons. The experimental results are reported in Fiq.2a. Three peaks are

___lBtlunsneo h 4a 11 sraei od I _ Is ha
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Fig. I a) Ni (I11) :0p (Wx) geometry, Oxigen atomsns()(X Ni atoms
in the first three layers. b) the same for the (/3x/3)R300 geometry.

present. The one at 72 meV, which is far outside the phonon spectrum of Ni, is clear-

ly due to the motion of the Oxigen relative to the three coordinate Ni atoms. It cor-
(3)responds to the AI normal mode of a pyramidal x3y molecule . As it can be seen from

Fig.3, this mode gives a dipole moment along the C3v axis, i.e. the surface normal.

The lowest peak can be interpreted in terms of the surface phonons of the clean Ni
(2)

(111) surface . In fact, near this frequency there is the Rayleigh wave of the M

point which is mainly polarized normal to the surface. The other peak at 32.8 meV,

inside the phonon spectrum of Ni, cannot be explained in terms of the phonons of the

clean surface. The modes of the M point around this frequency are longitudinal and do

not couple with the impinging electrons. To clarify the nature of this peak we have

performed a full calculation of the phonons of the covered surface. We have conside-

red the interaction of Oxigen with the three nearest neighbouring Ni atoms by intro-

ducing one central and one angular force constant. By any arbitrary choice of these

force constants the calculated EELS cross section shows three structures. The one at

lowest frequency remains related to the Rayleigh mode of the substrate. The other two

peaks are connected with the A (higher frequency peak) and A2 (central peak) modes
12

of the x3y molecule. For this molecule, the frequency of the A mode is mainly due to

the value of the Ni-O central force constant, while the frequency of A2 depends on

the Ui-O-Ni angular force constant. To determine the force constants of the x3y ole-

cule we note that, even if the free Ni30 molecule does not exist, the surface poten-

tial is able to stabilize such a molecule. By using the EELS data relative to a very

low disordered coverage of Oxigen we fit the peak at 72 meV with the central force

constant and the peak at 30 maV with the angular force constant. The results obtained

with these parameters are reported in Fig. 2b. The lowest peak is still related to the

yaleigh wave of the clean surface. The presence of the Oxigen atom does not modify

the frequency and polarization of this mode. The highest peak rmains at the energy

position of the A mode of the molecule. The other peak at 32.8 meV, in perfect agre-

ient with the ezserim t, results slightly shifted with respect to the energy of the

A2 made of the free molecule, white the polarization remains the amne. The frequency

shift can be understood in terms of the indirect 0-0 interaction caused by the sub-
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Fig. 2 a) and b) experimental and calculated EELS intensities for the p(2x2)
geometry. c) and d) the same for the (V3xV3)R30 0 geometry.

strate.

The same analysis has been carried out for the (/3xv1 3)R30 0 geometry. The experi-

mental and calculated intensities are

compared in Fig.2c and Fig.2d respecti-

vely. The two observed modes are rela-0

ted to the AI and A2 modes of the mole- O0f\

cule. The 29.8 meV peak is slightly N

shifted with respect to the correspon- No
ding mode of the p(2x2) geometry because NoN
of the different 0-0 interaction.

In conclusion, we have shown that As A2

a detailed calculation allows to explain

the loss spectra of coated systems and Fig. 3 : Normal modes of the x 3y pyra-
midal molecule that contribute to theto identify the origin of the eperimen- EELS cross section.I

tal stuctures in terms of the modes of E

the substrate and those of the adsorbate species.
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MICROSCOPIC THEORY OF LATTICE DYNAMICS AND RECONSTRUCTION OF
SEMICONDUCTOR SURFACES

A. Muramatsu and W. Hanke

5K=-Planck-Inatftut ftr Feetk&Jperforechung, 000-Stuttgart-80, F.R.G.

Abstract.- On the basis of a microscopic theory of surface densi-
ty response including local-field and excitonic effects we calcu-
late the phonon spectrum of an ideal Si(111) slab. A drastic en-
hancement of the non-local response is obtained for wavevectors
corresponding to 2x1 and 7x7 superstructures, signalling an exci-
tonic insulator instability of the metallic dangling bond surface
state. The coupling of the resulting charge-density wave to the
lattice produces a soft surface mode with atomic displacements
supporting the ionic buckling model.

In this contribution we present a) a calculation of the phonon

spectrum for an 8-layer ideal Si(111) slab starting from an accurate

description of the surface electronic states and b) a detailed study

of the implications for a microscopic understanding of the surface 2x1

and 7x7 reconstructions.

It has already been established that in a Wannier or LCAO basis

for the wave functions, the non-interacting surface polarizability is

of the separable form = ANAl. The separability enables one to solve

the integral equation for the density response X-R+Rvx, which deter-

mines the electronic contribution to the dynamical matrix given by
2

-1 s(KMq) ,' F .(K,q) IN - ' ( )'  q ( ) ss , ,A ' -6
DE(~)=- 1 X {N()+Vxc(, 8  (1)

Here a and 8 denote Cartesian coordinates and K an ion in the 3-D ba-
sis of the slab. F(q) corresponds to the force experienced by the

ion K due to interaction through the ionic potential with the density
wave As in direction a. N 1 is the inverse non interacting polarizabi-

lity and Vxc is the Coulomb interaction matrix which includes both

RPA local-field effects as well as electron-hole interaction3. In
Fig. I we present the phonon spectrum in the (0,1) direction obtai-

ned for an ideal 8-layer slab of Si(111). In the region where q'1/I,

being 1 the thickness, we obtain phonon instabilities related to vio-
4lation of infinitesimal rotational (unrelaxed surface) and tranlatio-

nal (a surface 5 acoustic sum rule6 was not implemented) invariance. On
the other hand, the interplay between local-field and excitonic effects

77-
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produces an instability of surface modes

at the zone boundary. An analysis of the

eigenvectors of these modes, which are

I t elliptically polarized in the sagittal pla-

ne and strongly localized in the outmost

layer, shows that the displacements of
Ithe surface atoms give rise to a "buck-

led" surface, supporting thus Haneman's
model for the 2x1 surface reconstruction.

In order to obtain a better understan-
ding of the mechanism which produces a

• - softening of the surface modes at qBZ'
we concentrate on the top layer of the
slab and take into account only the dang-

-, ling-bond (DB) orbitals. In Fig. 2 (a)

we show the contribution to the suscep-

tibility from the non-interacting elec-

Fi.g.:1. PIon an srtni for q-(0,1) tron-hole system. The band structure gi-
for an ideal 8-1ayer slab of Si ves rise to maxima near to wavevectors
(111). Dased lines: surface !'(es, that correspond to the 7x7 reconstruc-

tion due to "nesting" of the Fermi sur-

face. 8 But no structure corresponding to the 2x1 superstructure is ob-

servable. The RPA local-field effects give a large correction (Fig.2(b))

due to the extremely localized nature of the DB-orbitals. The features
present before disappear and no electronic instability is observable.

Beyond RPA, the system shows a strong tendency to an excitonic insulator

instability when electron-hole attraction is considered. In this appro-

ximation the excitation ener-

gy of the system is lowered

,F giving an enhancement of den-

sity response Wig. 2(c)) and

r a tendency of the DB's to

form a CDW. We can distin-

guish two features conected

with commonly observed super-

structures. First, we obtain

t -a saddle-point at L. This en-

hancement of the susceptibi-

2.2-D tyfor a) rxm-interactirvy lity is responsible for the
l-tK)* systsm; b) Plug loalfeld effects ad surface phonon instabilities

c) plus el.-hole attraction. 7he inet d the
irr-e&ible port of thm Billkuln us. at the L point (Fig. I). But

being a saddle-point, the

I
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corresponding 2x1 superstructure should be still unstable against other

configurations. In fact we observe that the next loca' maximum appears

for a wavevector nearly corresponding to the 7x7 reconstruction. An

other maximum appears at J, corresponding to a (,/x,/T)30 0 superstruc-
9

ture, which is occasionally observed

The coupling of the CDW with the lattice, given by the form factor

F:(K,) determines the type of reconstruction. We observed that the

coupling factor of the DB-CDW to displacements parallel to the surface

is zero at the zone boundary. The only contribution for displacements

parallel to the surface comes from interactions of the DB's with the

"back bonds" which are much smaller than the first ones. This fact in-

dicates that the CDW can almost only couple with displacements perpen-

dicular to the surface as corroborated in the full calculation, discar-

ding thus the "covalent bonding" model.
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ATOMIC VIBRATIONS AT (1O) SURFACES OF FCC AND BCC METALS

J.E. Black*, D.A. Campbell and R.F. Wallis

University of California, Irvine, CaLifornia 92717, U.S.A.

Abstract. - We have studied the dynamics of atom motion at metal
(100) surfaces. The interactions between atoms are modelled with
central forces and angle bending forces. Results for frequencies
and polarizations of surface modes have been obtained for the
following metals: body centered Cr, Fe, K, Mo, Na, V, W; face
centered Ag, Al, Au, Cu, It, Ni, Pd, Pt, Rh. Specific results are
presented for Cr and Ni.

1. Introduction. - In the last few years we have seen the development

of experimental techniques which are sensitive to surface phonons.

The electron energy loss spectroscopy experiments of Ibach and

Bruchmann (1] and of Andersoon (21 have revealed surface phonons on

nickel. Helium scattering experiments by Brusdeylins, Doak, and

j Toennies (31 have yielded data on surface vibrations on LiF. This

latter technique may soon be applied to a study of metal surfaces

[4). It is clear that there will be a need for a tabulation of
important surface phonon frequencies for a variety of metals. such &
tabulation can serve as a guide to the interpretation of spectral

features. In addition, it may serve as a starting point from which to

recognize that surface relaxation or reconstrvition has occurred. It

is the tabulation of important surface phonon frequencies which is the

objective of this work.

2. Lattice Dynamical Models. - We have used several models in

calculating the atomic force constants. In the present paper, we

present results for only a single *&del consisting of fiet and second

neighbor central interactions together with angle bending

interactions. The five force eonstarnts a,, 2, 019 02, and y were

determined by first calculating y from the elastic constants, and then

using the equilibrium condition, along with experimentally determined

frequencies at high symmetry points in the bulk dispersion curves.

The frequencies that tave the best overall fit are V (M 0),

V(1,OO) and v(j.'.J). We measured the godnesd Of fil by comparing

Present address : fhtsics Departmnt, Brock University, 'St. Catherines, Ontario
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the experimental bulk dispersion curves with our theoretically

generated dispersion curves. For the case of FCC metals, we also used

a two neighbor model with angle bending. The development is analogous

to that for the BCC metals.

With the models in hand, the surface phonon frequencies can now

be calculated. We employ the slab method in which the crystal

consists of 20atomic layers parallel to the (001) surface [5]. Each

atomic layer is assumed to be infinite in extent.

3. Results for BCC Metals. - The dispersion curves of Fig. 1 are

so

am L V Fig. 1. Dispersion data alongXV q

the R direction in the sur-

S3-face Brillouin zone of Cr.

Dashed lines indicate surface
Ly modes, and the cross-hatched

0 A ,areas are those in which bulk

phonons are found.

qualitatively fairly typical. They are for Cr in the region between

i and N on the sone boundary. The modes have been named according to

their shear or longitudinal character at . The modes that begin as

shear horizontal (S) and shear vertical (SV) at i approach one

another as we move to the right of X. At their point of closest

approach each mode has both vertical and horizontal shear. Thereafter

the mode which is lower in frequency becomes completely SV while the

mode which began as SV becomes SE. It is as if the two modes had

"crossed" one another. It seems useful in the remainder of this

discussion to speak of such encounters as mode "crossings" even though

there is no actual intesection of the modes. "Crossing" will mean

that the modes have eltered their polarization when they encounter one

another in the dispersion plots. In this language we see the mode

which begins as LL at i (a lower longitudinal vibration) crosses

SE. The 8mde gradually loses its amplitude in the surface layer,

until at I it is vibrating entirely parallel to the surface in the

secoad layer--denoted as82. The mode LU (upper longitudinel) exists

over much of the sone boundary, but loses its surface character before

reaching I. The mode 332 at i loses its surface character atI ___
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3 = 0.24 radians. As we move toward N, the SH mode vibrates

perpendicular to the TX direction, not perpendicular to the wave

vector. Similarly, modes labelled longitudinal vibrate along the

TX direction, not parallel to the wave vector, at points away from 1.

Thus the mode marked SV-SH at high frequencies in the center of the

zone edge has components parallel and perpendicular to TX in the plane

of the surface. All SCC metal results are qualitatively similar to

those for Cr.

4. Results for FCC Metals. - The results are qualitatively very simi-

lar to those obtained for the BCC metals. The most striking difference

between FCC and BCC metals is the absence of the mode LL at X.

A typical set of dispersion curves is shown in Fig. 2 for Ni.

10

-

a Fig. 2. Dispersion data along
s- -the MX direction in the sur-
S4 sV face Brillouin zone of Ni.

Dashed lines indicate surface

modes, and the cross-hatched

o1 1 areas are those in which the

R bulk phonons are found.

Note that the mode SV2 at N now exists only at K and is no longer a

continuation of L as it was in the body centered case. Also the mode

of SV-SR character is found near the zone edge center in all cases.
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EFFECTIVE MASS APPROXIMATION FOR SURFACE PHONON STATES

A. Fasolino*, G. Santoro;* and E. Tosatti *

*GNiJ-SCNR and SISSA, Istituto di Fisica Teorica, Universitd di Trieste, 34014

Mirmre-Grignano, Trieste, Italy
Ietiut di Fioica and GNSM-CNR, Universitd di Modena, 41100 Modena, Italy

+ International Centre for Theoretical Phyeic, 34014 iramare-Grignano, Trieste,

Italy

Abstract.- We show how effective mass concepts borrowed from the theory of im-
purity states in semiconductors can usefully be applied to the calculation of
surface phonon states.

1. Introduction.- Given an infinite crystalline solid, two independent surfaces can

be created by adding a localized perturbation V, which consists of cuttini all bonds

that cross a plane. Historically the effect of localized perturbations on an infinite

Bloch problem have been dealt with first in connection with impurity states in semi-

conductors (2. When dealing in particular with the bound states that the impurity

potential is able to split from the Bloch bands, the popular effective mass approxi-

mation has been most useful in providing a qualitative understanding of the pro-

blem (1,2). A surface state - electronic, vibrational, whatever its microscopic natu-

re - is, in principle, a bound state of the same kind; only the perturbation has in- .1
finite extension along (x,y) and is localized just along z.

This work represent an attempt to apply the concepts typical of the effective
mass formulation to the study of a surface state problem. In order to make our study

more definite and provide ourselves with accurate numerical reference calculations to

use as a check, we shall concentrate in the following on a surface phonon problem, in

particular the phonons of a bcc (100) surface.

2. Method.- We start by formally writing the surface phonon eigenvector as a linear

combination of bulk phonon states u with the same in-plane momentum q and variable

normal component k:

Here R is an atomic site and X denotes the branch. The "envelope" function # then

satisfies:

_ k 6k 6W+VkkJ #k,'O0 (2)

i whee Vii,  1.9lu,,)i take betwmesi bulk states. For a general q-dcirection

and for a Bravais lattice, Uq. (2) constitutes a set of three coupled equations. For
particular q valuse, however, syntry may allows a decoupling. Such is the ease for

Fr..II
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example of q-(1,)2w/a=M on the bcc (100) surface, that is our test case. At that

point we have a non-degenerate v//z mode (M1) and a twofold degenerate viz mode (M)

The symmetry labels are those of C 4v, that is the two-dimensional part of the crystal

symmetry group as reduced by the surface perturbation V. We now develop this particu-

lar case as an instructive exemplifica
30 ' tion. For comparison, we also perform

accurate numerical surface state cal-

culations with the usual slab techni-

25 -que using the parameters of W(100) (3)

We use variable intra-surface force

constants a and s (4) to control the

actual surface state energy and eigen-

vector.

The bulk bands w qk for q M are

shown in Fig. 1. Here k spans twice the
-W 0 2 Brillouin zone (from -2lr/a to 2r/a) as

kMM) required by having two alternating

Fig. I #ulk phonon branches types of layers in the problem. We no-
Sof for qE4 te that this give rise to two equiva-
* lent minima at ko=O and k0=2v/a for both the N1 symmetry and the M5 symmetry and in

fact for all other zone-border q-points as well. However, the two minima are orthogo-

nal by symmetry (belonging to the two different rows (x-y) and (x+y) of the twofold

degenerate irreducible representation M5 ) and do not mix in the 5 case, while they

are mixed by V in the A I case. The V-matrix is given by all those slab matrix elements
that are removed by creating the surface, taken with negative sign. We obtain analyti

cal expressions for V.., at the M point as a function of a and 0 " However they are

too long to be reported here(5); we shall just proceed to discus the results.

3. Bound state problem: solutions.- a) variational : we try exponentially decaying

solutions:

+
* (z)-exp{-jzj[A1 +i(r/a, (±1))) (3)

365

and-

(z {z) p{-IzIX - 1} (ltexp[2ilizl/a]) (4)

where the "+" and "-" signs in 3g. (3) correspond to x+y and x-y respectively, the two
terms in the N1 case are necessary in order to include intervalley mixing (that remo-

ves the degeneracy between the "+" and "-" case) and the variational parameter is the

penetration depth A.

b) 3ffective mas a wroximation : For shallow bound states, one may approximate

(k-k) / The Schroedinqer-like problem (2) can be solved varia-

tomally, with trial functions such as (3) and (4).
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c) Koster-Slater approximation If we further replace Vkk, with Vk ko' where k~ie

the relevant extremun, the solution becomes similar to the well known Koster-Slater

probler (except for a cutoff at ±27/a), that is straightforward to evaluate analyti-

cally.

Fig.2 presents a comsparison of the approximate solutions a), b) and c) with the

exact numnerical slab surface phonon "binding energy". This quantity, introduced in

Bulk States Bulk stateli
-JTZ- -LGOTmz2)

.CL -O -O -08 - as OA 0 -0A4 -0.3
0 o

2 M 5  2[ awra Ia
- a~v)Variational

E ~ ~mass
r c)Koer-Olator

* 6
+Exact + Exact

* a * M

rig. 2 : Surface phonon "binding energies" calculated at the £4point
of W0100) for 0,-3.7 a a+4.222

(1,2)analogy tot.he impurity binding energy in the usual effective mass theory ,is defi-

nod as %-(W 2 - 2~ X/2ujk . The variational result is in perfect aggreement with
the exact calculation over the whole range of parameters that have been tested. This

means that the straight exponentials (3) and (4) in fact represent extremely well the

behaviour of the surface phonon. We have checked that this is indeed the case.

The approximations b) and c) are clearly acceptable only for shallow surface

states. However, the effective mass approximation b) remains fairly accurate in the

whole range, while the Koster-Slater result c) fail appreciably already for 3 8 /band

width=O .1. We note that while for M5 the two states 4p are degenerate, only +£

leads to a bound state in the N I case, where * yields H -0.
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ADSORBATE INDUCED VIBRATIONS MEASURED BY EELS ON A (uZn a 75/25 (110)

SURFACE DURING ITS EARLY STAGE OF OXIDATION
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Abstract.- Using high resolution election energy loss spectrosco-
py (EELS), we have measured three vibrational bands on a clean _
CuZn a 75/25 (110) surface after 02 exposure. The band at 420cm
is related to the metal-O stretching vibration. The band around
3630 cm- 1 is interpreted as the 0-H stretehing vibration arising
from water contamination. At higher coverages, a third band emer-
ges (550 cm-1 ). It is attributed to an optical surface phonon
and associated with a preliminary stage of bulk oxide formation.

1. Introduction.- Brass alloys of Cu/Zn are largely used for industrial
applications. There is great interest in understanding the reaction of

such materials with oxygen. In order to start from a fundamental point

of view, the experiments reported here were performed on a single crys-

tal of CuZn,a brass 75/25. Although it crystallizes in the f.c.c. lat-

tice, it is a solid substitutional solution of Zn in Cu.

2. Experimental.- EELS experiments were carried out with an hemispheri-

cal RIBER-SEDRA spectrometer, capable of an energy resolution of 35cm
-1

(4 meV) /5/. The analyer is rotatable in the plane of incidence. All

spectra were taken with 4 eV impact energy, a monochromator current of

3 x 10- 10 A, and an energy resolution of 60 cm- 1. The spectrometer is

mounted in an UHV chamber (10-11 Torr range), where other techniques

are available, such as LEED, AES using retarding field analyzer, Kelvin

probe for work function measurements and uadrupole mass analyzer.

Water contamination in oxygen (nominal purity : 99,998 %) was measured

to be lower than 0.5 %. Pressure indications are uncorrected gauge

readings. The polished crystal was cleaned by cycles of Ar+ bombardment

and annealing up to 430 K. The consecutive Auger spectra showed no ob-

servable contamination. Sharp LEED patterns were observed in agreement

with the (110) face. During 02 admission, LEND did not reveal any super-

structure. A maximum of the work function was found at 20 L (1 Lang-

muir - 10-6 Torr.s).

3. EELS results and interpretation.- EELS results are summarized on

fig. 1. One peak (420 cm"t) was observed to grow regularly without

Reap. Research Assistant & Research Associate of the Belgian NFSR.JI
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0 200 400 meV
1 420' r

550 CuZn (t 75/25 (110)
x30I E. - 4eV

#i = 0r 43° 0 200 400 m e

z CuZn a 75/25 (110)3680
At E,- 4eV

'UU
I Heating after IOL 02

.,/ clean 100
cLeao 002000 40,

2000 4000 0 4000
ENERGY LOSS (cm"W) ENERGY LOSS (cM "n)

Fig1: Energy loss spectra of F 2 Energy loss spectrum of
tiicIean surface, and after ex- the surface exposed to 10 L 02 and
posure to 02 at room temperature. annealed to 430 K.

any frequency shift. It is attributed to the stretching vibration of

atomic oxygen adsorbed on the surface. Dissociative adsorption is

inferred from the absence of molecular 02 vibration. This frequency

(420 cnr') lies in the range of atomic oxygen vibrations measured on

other metallic substrates /1,2/. off specular experiments (10*, 200

and 30*) indicate clearly that it is excited by dipole scattering, be-

cause its intensity peaks strongly in the specular direction.

The observation of only one vibration imposes that only one site is

activated. Four sites are available : on-top, short bridge, long brid-

ge and the deep center site where the oxygen may have 5 nearest neigh-

bours. Following a general rule, the atom is most likely to choose the

site offering the highest coordination. This would favour the center

site, although for O-Cu(ll0) a long bridge site /1/ and for O-Ni(ll0)

a short bridge one have been reported.

From the very beginning of 02 exposure, a peak at 3630 cur l was obser-

ved. It is assigned to the stretching vibration of OH species adsorbed

on the surface. Separate measurements were made with exposure to H20 :

on the clean surface, they did not reveal any loss feature; if the sur-
face was previously dosed with 02, a small increase was observed for

the OR peak. It is believed that some amount of H20 contaminant in the

admitted gas can interact with the surface only during the adsorption

of 02 itself. A similar mechanism of assisted selective adsorption has

been reported for stainless steel /3/. The OH is adsorbed on the same4 _ ____
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site as the atomic oxygen, since only one adsorbate-metal vibration

is observed at low exposure. The relatively low frequency with respect

to the free OH is an indication of the existence of H-bonding with

oxygen adsorbed on adjacent sites.

When the 02 exposure varied from 10 L to 100 L, the EELS spectra chan-

ged substantially. The relative intensity of the OH vibration saturat-

ed and its frequency shifted from 3630 cm-1 to 3680 cm-1 . A third peak

emerged at 550 cm-1 , very close to the frequency of the surface optical

phonon of ZnO /4/. It is interpreted as the vibration of oxygen incor-

porated in the surface during a preliminary stage of oxide formation.

The decrease of the 3630 cm-1 peak intensity indicates that the mecha-

nism of H20 assisted selective adsorption must then be inhibited : this

is explained as an incorporation of the oxygen atoms (At decrease), re-

laxing the H-bonding, as the OH frequency shifts by 50 cm-1 .

Annealing of the sample after 02 adsorption lead to the following ob-

servations (Fig. 2) : the oxide-like peak at 550 cm- 1 was enhanced and

its intensity became higher than the 420 cm- 1 one, that shifted to low

energy; the OH vibration vanished. This is consistent with our inter-

pretation : the occupation of the 550 cm-1 site inhibits the OH- and

the 420 cm-1 vibrations at the same time.
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Abstract.- We present a model lattice dynamical study of the o(100) incommen-
surate reconstruction. We find that both the predicted periodicity and polari-
zation of the incommensurate distortion agree with experiment. Interesting
changes of the periodicity are predicted in presence of an electric field of
magnitudes such as those used in Field-Ion-Microscopy.

1. Introduction.- The Mo(100) displacive reconstruction is peculiar, because it is

incommensurate, with a temperature independent periodicity, roughly given by k-(0.44,

0.44)27r/a ( ) . It was earlier supposed that the incommensurability could be due to

intra-surface long-range forces, connected with a partly filled surface state bend

and related 2-dimensional Fermi surface ( 2 ) . In a subsequent model study of the lt-

tice-dynamical aspects of the commensurate (/2xv2)R45 0 reconstruction of W(100), it

was found, however, that nc~mensurate surface phonon instabilities may also occur

with strictly short-range surface forces. In this work we pursue the idea that incom-

mensurability of 3s(100) could be due to this latter elastic reason. We still envisa-

ge the chemically unbounded surface electrons and 2-dimensional Fermi surface, to be
(3)the driving force of this phenomenon . However, the actual surface distortion and

its periodicity will be finally determined by a compromise between the driving force

and the deformation energies involved. In the present approach one assmes a simple

model for the driving forces (simulated by a first neighbor intra-surface repulsion)

and one determines the distorted state by a careful study of the lattice energies,

via a surface phonon calculation. We follow here the conventional soft-mode approach

to structural phase transitions, whose basic ingredients are: a) the harmonic vibra-

tion spectrum of the ideal surface and its instabilities, b) the anharmonic forces

that intervene to stabilize the surface once the distortion is introduced by freezing-

in the soft mode.

2. 30(100) surface instabilities.- Our model is the same introduced earlier for the

W(100) surface (4 ) . We have an n-layer slab (n>15) with bulk-like intratomic forces,

except for the outher surface layer. The force cons us -  (
between two surface first neighbors (distance a) are adjustable to represent the

extra surface forces. By looking for imaginary surface phonon modes we can construct

a *phase diagram" as a function of a and 0 . The result is shown in Fig. 1. Beside

the stable region and the regions K K 5 ; nd 2 where the corresponding zone-border

modes are unstable, we find two regions 11 and 12 where the instability occurs first

i7 _ _
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at an incomensurate wavevector.

However in the 12 region, the insta

bility occurs along the A-line (qA-

M, STABLE r(J,J-6)21r/a). This disagrees with

M as experiment, that shows a E-type

AM ~ distortion (q:(-,-)Wa with

LL 5-0.06. In the region li, on the

other band, two instabilities oc-
Ours almost simultaneously along

theA-line and along the E-line.

We have previously argued (5 ) , howe-MsT Iur alotsmutnosl ln
ver, that in this circumstance one

should expect a E-distortion, be-

cause the anharmonic restoring for-

ces are weaker for Z than for A. We

are thus led to assume that the
Fig. I : T=0 phase diagram as a function 1o(100) inc ensurate distortion
of the surface force constants of M1o(100). o (0 te distortio

corresponds to the I! phase. We now

consider some of the consequences

of this model.

3. Surface lattice distortion.- The nature of the expected surface lattice distortion

is best understood by considering in detail the mechanisms through which the incom-

mensurability occurs. Fig.2 shows how an absolute minimum in w can occur slightly

off the M point, whenever an N (in-plane) and an M, (vertical) soft modes happens to

c sufficiently close in energy. At the K point itself, NI and N5 are orthogonal

by symmetry. Away from K, however, they interact producing a minimum in the lowest

E or A1 branch, while the Z2 and A2 branches remains higher. Therefore the incommen-

surate distortion is predicted to have E, symetry. This mode consists of an admixtu-

re of in-plane longitudinal (110) motion and of vertical (001) motion. This is preci-

sely the symetry found by careful analysis of LED data by Barker and Estrup(6)

The present mechanis bear several analogies with that invoked in incommensurate
(7)

ferroelectrics , with a noticeable difference: the twofold degeneracy is here bro-

ken quadratically rather than linearly, by moving away from the high symetry point.

The implications of this fact on the presence of disoinensurations as well as on

the behaviour of the distortion periodicity with temperature are presently under

investigation and will be reported elevAe.re

4. ffects of electic fields.- A possible test of the present model could consist in

trying to change artificially the periodicity of the surface distortion. This eould

be done, for example, by applying a very strong surface electric field such as one

finds in FrI experiments. We have evaluated how thm surface phones mofe are altered

by the field by supposing the first 4ayer atom to acquire a charge P. (u-ul).

"ero is its displacement and u2L are the displacements of its four 6rt aeaibboa

I _______ ___________ _________________
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Fig. 2 Surface phonon branches of Mo(100) along the Z and A directions

in the second layer. We believe that a is positive, so that a raised atom becomes po-

sitively charged, but the same reasoning would apply for 01<0 with a reversed electric

field. In the new phonon spectrum all modes involving a vertical displacement are

softened by the field. The new phase diagram is drawn (dashed line) in Fig.1 for a

sufficiently strong field whose absolute magnitude is E-3x107 V/cm if we take a-1 e/.

For increasing field we expect the reconstruction q-vector to shift, the distortion

acquiring more and more z component, until at some critical field E the distortion
c

should become M1 -like (coensurate c (2x2)), with strictly vertical displacements.

This is made clear in Fig. 1 if one supposes the point P to represent the actual

No(100) surface. Once the field is applied P falls inside the M1 region. The new com-

mensurate field-induced phase should become particularly evident e.g. by field etching.

An observation in this direction has actually been reported ( 9 ) for W(100) where, howe

ver the reconstruction is comenaurate even at zero field.
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MODE CONVERSION COEFFICIENTS OF ACOUSTIC WAVES AT A CRYSTAL-VACUUM

INTERFACE

J. Throve and U.K. Broan

Indiana Univeraity, Bloomington, IN 47405, U.S.A.

Abstract.-Recent work by Taborek I et al has shown that the reflection of
acoustic phonons from a sapphire-vacuum interface is divided between a
specular component which is predicted by elastic theory and a diffuse
component. Knowledge of the magnitude and direction of the specular
component is useful in the design of experiments to study the frequency
dependence of the reflection process. We have generated mode conversion
coefficients for infinite, plans waves traveling initially in the x
direction and incident at various angles on perfect surfaces in quarts,
sapphire, and ZnO. For waves propagating in the xy-plane, ZnO behaves as
an isotropic solid whereas quartz, because of its anisotropy, exhibits new
transverse reflections beyond the critical angle.

Coherent collimated phonons pulses can be generated via the piezoelectric

interaction of an FIR laser bean with a crystal surface. As a first approximation

the reflection of such a pulse from the opposite surface after traversing the

crystal can be treated as the reflection of an infinite plane elastic wave from a

perfectly flat crystal-vacuum interface. The conditions governing such a reflec-

tion have been treated extensively in the literature , and can be summarised as

follows:

1. The component of the incident wave vector parallel to the surface is

conserved.

2. The graop velocities of the reflected waves must point into the

crystal, although their wave vectors need not do so.

3. The vacuum mrte a stresseis on the crystal.

In general, the energy of the incident wave is divided among reflections

from each of the three acoustic branches. Beyond certain critical angles of

incidence, however, it is no longer possible to satisfy the first two conditions

for all three branches. It is then necessary to introduce evanescent modes in

order to maintain the stress free boundary condition. These modes carry no energy

away from the surface, leaving the incident energy to be divided between the

remaining bulk wave reflections.

Figures Is, k'and 3a show the energy reflection coefficients n ZiO,

sapphire and quarts for T2 waves traveling in the x direction incident on planes

costaleing the u-axis. ecause it has hexagonal symtry ZnO is elastically

iotroplc with respect to rotation about the z-axis (Figure lb). In the xy-plase

r* ., ..
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Figre . a 1m~yreflection coefficients for T2 phonons traveling In the
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the TI ADe I* polarized perpendicular to the plane of Incidence an d thus Is not

coupled to the other nodes by reflection. Accordingly, the energy of the Incident
T2 wave io therefore divided between T2 end L reflections. 2syon the T21L
critical angle'of SO the only bulk waes availa~e for reflection Is the T2 ues,
I.e., with an energy reflection coefficient of 1.

In sapphire the transverse niodes are polarised at oblique angles to the

plane of incidene. The Incident energy is therefore shered by all three

reflected oodes up to the T11 ad ?2b-TI critical sgiae of 310 sa 6
~respectively. ______
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rigure 3. a) Energy reflection coefficients for T2 phonons traveling in the
x direction In quartz. b) Slowness surface of quartz showiAS possible
reflected wave vectors (solid arrows) for a T2 wave (dashed arrow) Incident
at 620 to the surface normal. One reflected node baa a wave vector
pointing out of the crystal.

Tb. situation In quartz Is sore complex due to the high curvature of the

slowness surface (Figur* 3b). As noted by Joes aid Heosnse, It is possible for a

single branch to contribute more than one reflected wave for a given angle of

Incidence.* The most clearcut case occurs in the T2 branch between 600 and 630.

At 600 a saw reflection appears with wave vector pointing out of the crystal but

with Its group velocity directed 1mrAd. This shares the energy with the original

T2 reflection until 630, where the original reaches its critical angle. At 39.40

a slightly different situation creates two TI nodes with wave vectors pointing

Into the crystal which coexist over a range of loe than .010. The T2.-L and T2v-Tl

critical angles ore 35" and 490.

Reflection oefficients for Incident TI and L waves show, an expected,

fewer critical angle features. Coefficients for GaAs are also available.

Vummhd by OW Contract N14-78-0249.
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TIME CONSTANT FOR PHONON INDUCED DESORPTION OF HELIUM

P. Taborek, 4. Sinvani, M. Weimer and D. Goodstein

California Institute of Technology, Pasadena, CA 91125, U.S.A.

Abstract.- We have made direct measurements of the time constant for thermal
desorption of thin helium films as a function of substrate temperature and
film binding energy. We find that the attempt frequency for desorption
T0'i is several orders of magnitude larger than previously reported values.

Phonons impinging on a solid surface which is covered with a helium film can

cause st of the atoms to be ejected. The physics of this process is important

for an understanding of the dynamics of desorption and energy transport at solid/

helium interfaces. We have used pulsed phonon techniques to study the rate of

desorption from a nichrome surface. The experimental apparatus consists of a

rectangular thin film nichrome heater deposited on a sapphire crystal which forms

the bottom of a vacuum can (see Fig. 1, inset). A superconducting transition

bolometer with a thermal response time of - 10 nsec is mounted -1 m above the

heater. By admitttng known quantities of helium gas, the thickness of the film

which covers all the surfaces in the cell can be controlled in the range 1-3

layers. The ambient temperature is 3.5 K and the pressure is always sufficiently

low that the atoms travel ballistically to the detector. A current pulse with a

I I I I I I I I I I

Pus Width (Issee) OOMETER
(1) 0.5
- 2.0 i I :Bolometer

I'U'19 as a function

* 3.0 of time for various
heater pulse wtdtfts.

40 HBTHeater temperature =

ACRYSTAL 6.2 K. The inset
shows the expermn-
1tel geometry.

4 6 8 0
TIME (Lse)

*Supported In part by ONR Contract # N00014-80-C-0447
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Pulse Width (isec)

(D 0.03
(Z 0.2
(0.4
)0.5

(a) 1.0

F 2 : Bolometer signal as
z a function of time for var-

ous heater pulse widths.
Heater temoerature - 8.1 K.
The pulse shape is described
y Eq. 1. No further change
in the signal is observed for

pulses longer than 1 usec.
0 2 4 6 8 10

TIME 4&w.)

known power and duration is applied to the heater, which raises the heater tempera-

ture and causes desorption of the film; typical bolometer signals are shown in

Figs. I and 2. The temperature of the heater film is a function of the power and

* can be calculated from acoustic mismatch theory tl) and can also be deduced inde-

pendently from the time of flight of the desorbed atoms. The calculated tempera-

ture of the nichrome film and the measured temperature of the desorbed atoms are in

good agreement. Because the heater film is in contact with a single crystal sub-

strate, the heater temperature can be raised and lowered with a time constant of ,

- 10 nsec. When the heater temperature is higher than the ambient, the number of

atomr/cor2 in the helium film n(t) relaxes to a new steady state value nss in a

characteristic time T.
For heater pulse widths - T, the desorption signal is a sensitive function of

the pulse width, but for long pulses, the signal saturates. By slowly increasing

the pulse width from a minimum of 30 nsec, the pulse width which causes saturation j
is easily observed. We have used this technique to measure T as a function of

film thickness and heater temperature. Typical data shown in Figs. 1 and 2 give
T - I sec for Thte = 6.2 K and T - .2 usec for Thte -f 8.1 K.

Theories for the desorption time T can be quite complicated,(?) but the

results can be described using a simple thermal activation model (3) T = T0 eEb/T

where Ti is a characteristic attempt frequency and Eb is the binding energy of
the atom to the substrate. In order to compare our results with previous indirect
experimental measuruonts( 4 ) and theoretical calculations( 2 ) it Is necessary to
measure an average Eb for the desorbed film. We have estimated Eb in two inde-
pedwent ways. First, Eb can be extracted by fitting the time of flight distribu-
tion to a theoretical model whicl, assumes that the helium film is heated to the

t-
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temperature of the substrate and the atoms desorb with a Maxwellian distribution.

The expected bolometer signal has the form

mv2+ Eb)T
S(t) T 3/2  b )kT v4( 1 mv2 + E(1)

with v = L/t where I is the distance to the detector. Eb may also be deduced from

the chemical potential of the gas, which can be determined by measuring P and T.

Using these methods we find that Eb * 35 K for the data shown in Figs. 1 and 2.

From z a 0 eEb/ T , we find To < 5 x 10- 9 sec, at least two orders of magnitude

smaller than the value deduced in reference (4) and explained in reference (2).

The technique used in that experiment is very insensitive to the smell time

constants which are observed for heater temperatures above 6 K. Our measurements

are consistent with their data, but yield much more precise values of T in this

regime.

References: 1. 0. Weis, Z. Ang. Phy. 26, 325, 1969.

2. Z. W. Gortel, H. J. Kreuzer, and 0. Spaner, J. Chem. Phys. 72,

234, 1980. _

3. J. Frenkel, Kinetic Theory of Liquids, Dover, New York, 1946.

4. S. A. Cohen and J. G. King, Phys. Rev. Lett. 31, 703, 1973.
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POLARIZATION DEPENDENCE OF PHONON INDUCED DESORPTION OF He ATOMS AT

LOW TEMPERATURES*

P. Taborek, M. Sinvani, M. Weimer and D. Goodstein

Caifornia Inetitute of Technology, Pasadena, CA 91125, U.S.A.

Abstract.- We directly observe the desorption of He atoms from a thin film
on the surface of a solid by both longitudinal and transverse ballistic
phonons. Ballistic propagation of the He atoms, sound in the vapor and
second sound in the bulk liquid are all seoarately observed. Comparison
of the data reveals that the efficiency of conversion of L and T phonons
is the same for these three different modes of coupling.

The heat pulse technique has previously been used by several authors to study

the transmission of thermal energy, via longitudinal (L) and transverse (T)

* ballistic phonons generated in a solid, across an interface with bulk superfluid

helium. Schwanenburg and Wolter(') first made a direct measurement of the relative

L/T phonon transmission coef '-ent into He II by observing two peaks in the

collective second sound signal corresponding tolthe two incident phonon polariza-

tions. In a later experiment Salemink, van K-- ; and Wyder(2) studied the conver-
sion of both L and T ballistic phonons incident from the solid to first sound

(ballistic phonon propagation) in He II.

Using essentially similar techniques we have studied the desorption of thin

film (1-3 layers) of He adsorbed on the surface of sapphire. The experimental

arrangement consists of a resistive thin film Nichrome (- .1 Mn2 ) heater evaporated

onto a single crystal sapphire cylinder 57 m in diameter and 9.5 m thick whose

crystallographic y-axis coincides with the direction of phonon propagation. The

far side of the crystal is in a vacuum can where He gas may be admitted. The

adsorbed film thickness is controlled via the He gas pressure. The entire cell is
immersed in a helium bath at about 2 K. Pulsing the heater, ballistic iongitudinal

and transverse phonons propaate through the crystal arriving at the far surface

at different times (see inset Fig. 1). He atoms are desorbed, and their arrival

time spectrum detected by a superconducting bolometer above the crystal surface in
the gas. When the mean free path in the gas is long compared to the distance to
the bolomter the desorbed atom travel bllistically to the detector. In this low
pressure regim, we observed two peeks in the desorption signal (Fig. 1). The

difference in arrivel time for these tw peaks is precisely the same as the
difference In times of flight across the sapphire of the to phonon polarizations,

as measured by a bolometer evaporated directly on the surface of the crystal. The

Supported in pert by OMR Contract # N00014-80-C-0447
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HE! RLBAT
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Fig. 1 Bolometer signal vs. time. Fig. 2 Bolometer signal vs. time.
Top: esorbed atoms travel ballistically Rio nd sound T = 2 K, pulse 250
to bolometer in gas. T 2 K, puse 200 nsec, heater power 2 watts, distance
nsec, heater power 2 watts, distance to to bolometer 2.8 x 10cs2 cm.
bolometer 5.8 x a0 -n cm. Arrival time Bottom: Sound in gas, T = 2.86 K, pulse
of peaks corresponds to two pionon th g nsec, heater power 2 watts, gas
polarizations shifted by TOF through pressure 5 tor2. Arrival time of peaks
crystall for sou ansconp d sound separated by
Bottom: Phonons propagating through TOF difference of two phonon polariza-
crysa : bolometer on opposite face. tions through trystal. Absolute times
T = 2 K, pulse 30 nsec. coincide with OF through crystal and

speeds of sound and second sound at
tmperature indicated.

detector must be sufficiently close to the crystal 
to resolve the signal due to L

and T phonons n spite of pulse broadening effects.

As the gas pressure in the cell s increased the desorpton signal undergoes

a transition to collective motion in the gas, 
that is, sound. Two sound peaks,

generated by the L and T honons are lkwse observed (Fig. 2). Fnally, when

the cell is filled with bulk liquid He 
11 two second sound pulses are observed.

(1)

; The most striking feature of t~ese observations 
s that the relatve transmission

! coefficient of L and T phono, asdeduced from the amplitude of the two peaks, 
is

very nerythe same for three very different modes of heat transport -- ballistic

i propagton in the gas, collective propagation 
n the gs and collective prop-
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gation in the liquid. Further, this ratio is roughly equal

to the relative amplitude of L and T phonon pulses in the crystal. Thus the

coupling of these two polarizations across the interface is approximately equal.

The similarity of the L/T ratio for desorption, sound, and second sound generation

suggests that the same mechanism of coupling across the interface operates in all

three cases.

References: 1. T. J. B. Schwanenburg and J. Wolter, Phys. Rev. Lett. 31. 693

(1973).

2. H. W. N. Salemink, H. van Kempen, and P. Wyder, Phys. Rev. Lett.

41, 1733 (1978).
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LOW FREQUENCY PHONONS IN SINTERED COPPER

B. Prisken, F. Guillon, J.P. Harrison and J.R. Page

Physics Department Queen's University, Kingston, Ontario, Canada, X7L 3N6

Abstract. - Measurements of Young's Modulus and sound velocity of a range of
sintered copper powder samples have demonstrated the existence of low fre-
quency soft phonon modes that could explain the low temperature anomaly in the
Kapitza resistance between liquid 3He and sintered metal heat exchangers
below 10 mK.

Introduction. All measurements of the Kapitza resistance, or thermal boundary

resistance, between liquid 3He and solids in the region of 1 uK have been anomalously

small when compared with the predictions of acoustic theory. In addition, the

measured resistances have generally been proportional to T-1 rather than T-3 as

given by acoustic theory~'). This is a low temperature effect since the acoustic

theory seems to describe experimental results quite well in the 30-100 uK tempera-

ture range. Either there is an extra channel for heat flow across the boundary or

there is a problem with the acoustic theory when T E 10 uK. It has been argued by

others that magnetic coupling is the extra channel. However, this is unlikely since

the anomalous resistance is independent of magnetic field, 3He pressure, phase of

the 3Re (A, B or normal) or magnetic impurity content of the solid. We are instead

pursuing the possibility that the usual acoustic mismatch theory is inappropriate at

the lowest temperatures for the solids that have bee investigated; all experiments

have been made with solids that were either sintered metal powders or powdered

cerium magnesium nitrate. In all cases the powder diameter (d) was smaller then or

comparable with the dominant phonon wavelength at 1 A (no 30 im in bulk solids).

Therefore the usual Debye spectrum has a long wavelength cut-off at X ph %' d, with a

consequent low energy cut-off at E/ka ,. hvD/%d ( 100 mK when d - 1 i) where k. is

Boltzmann's constant and vD is the Debye sound velocity. A consequence is that

essentially no bulk phonoms are excited at 1 m. Instead there should he new normal

modes associated with the powder particles as luped msses and the necks between

particles as weak eprimp. We present here the results of an investigation of these

now modes.

Sigle PFr&i'g tiom. A variety of copper ad silver powder dimeters, packing factors

and sistering proeese have been used by various groups in the past This work

was dome with 700 1 copper pewder ( a) end with a range of packing factors end sinter-

ing temperatures. The powder was first cleaned in triehloroethylese and then in

- - . - _ _'._ ., :
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acetone (10 minutes in an ultrasonic bath). The powder was dried, placed loosely in

alumintm foil boats in a furnace tube and the tube evacuated. When the pressure had

dropped to 10- 4 torr the furnace was switched on and brought up to its working temp-

erature (usually 2000 C). Then hydrogen was allowed to stream through the tube for

15 minutes at which time the furnace tube was quickly cooled. As soon as possible

the pre-sintered powder was packed into a clean sold. Apart from varying the sinter

temperature the sinter process vas the ume as the pre-sinter process described

above. The final samples were in the form of 2 am thick discs or beams 70 am x 5 m

x 2 m.

Method and Results. In order to investigate the low frequency modes, measurements

were made of the Young's modulus (zero frequency) and the velocity of longitudinal

sound (15 B).

(i) Young's Modulus. The sinter are quite stiff and to obtain a measurable dis-

tortion with reasonable loads the sinter was formed into long thin bern that were

supported at the ends and loaded in the centre. The beamm were loaded in 2 g

increments to about 40 gm and then unloaded In increments while the deformations

were measured with a travelling microscope. Young's Modulus (Y) was determined from

a deformation versus load plot. The results are shown in figure 1, plotted as

Y/Ycu where Ycu is the Young's modulus of copper (12.5 x 10 1 0 Um- 2 ).

(ii) Sound Velocity. The ultrasonic velocity was measured in the frequency range

12-20 Iz on thin disc-shaped samples. The sinters were dry polished flat and

parallel using fine silicon carbide paper. The samples were then placed between two

quartz delay rods and the velocity was measured from the time delay between a

reflected pulse, which has travelled up and dawn the quartz rod only, and a trans-

mitted pulse, which has passed through the specimen and each quartz rod. The trans-

mitted signals were generally weak and often broad, in part due to interference

effects caused by inhomogeneities in the sisters, and consequently the leading edge

of the pulses was used in all measurements. To prevent bonding fluid from penetrat-

In the pores of the sister thin latex membraues were Inserted between the sinter

and the quartz rod, with a layer of Nonaq stopcock grease or glycerol between the

quartz and the membrane but not between *e n~rane and the sister. A measured

correction of 0.0' ,s was applied for the delay in the ambranes. The technique

worked Well for both Ag and Cm isters o'ar a range of packing factors f; for a Ag

sister with f - 3S%, we obtain the velocity vy - (1.73 .9 5) x 103usm- 1 ad for Cu

sintere with f - 48 sad 4n we measure v - (1.6 1 .1) and (1.2 ± .2) x 10%s"1

respectively. NMeasuemets moe also made an a Cu atnter of 332 filling factor, but

ev bk the ample hibmee a0dmeod td 0.53 ma, the ultzosoid attrmetl me so

great that the e had to be fnov d for a trasmuited siial to be obaerwed;

in tis case, the bead was Sle with, foma which is sufficiently viscom to "ue

minimal cotmisantiom In the @later. 704-ta ompls w2 . 4.73 C'.sZ103m0-i.
The results for the samples have been csvefted to a reduced elastic modules

PvT2 /(vt)bulk where bulk refers to bulk copper or oviwtr.
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Discussion of Results. First of all the sinters are elastic and considerably softer

than bulk copper. There is a marked, but not unexpected ( s ) , dependence upon packing

(4)factor. This has been confirmed in more recent work on both copper and silver

The sound velocity and elastic modulus measurements are in satisfactory agreement;

the agreement is better in the more recent work in which sample preparation was more

consistent.

For these soft modes to be significant in heat transfer at c6 10 mK they would

have to exist to v > 10"2 (k./h) or 200 MHz. Their upper limit can in fact be estim-

ated by applying Debye theory. With N/V 1 l018 -3(4) we find vD "' 500 MHz. There-

fore these modes should completely dominate the phonon spectrum below 10 mi. They

are softer modes and have a density of states up by ^ 50 when compared to bulk

copper and it is not surprising therefore that acoustic mismatch theory with bulk

copper parameters fail. to agree with experimental results.

In conclusion it is emphasised that these are continuum modes of the sinter

plus whatever occupies the pores (usually liquid helium). For a full understanding

of heat transfer below 10 i a study is now required of the coupling of these modes

to the electron gas in the metal and to the quasiparticle excitations in the liquid
3He or 3He/ 4He mixtures.
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PHONON ECHOES IN BULK AND POWDERED MATERIALS

K. Kaj inura

EZectrotehnioa Labomt.mw, .ur -.- ua, .baraki 305, Jqam

Abstract.- Experimental and theoretical studies of phonon echoes
in bulk and powdered materials are reviewed. Phonon echoes have
been observed in many materials such as bulk piezoelectric crys-
tals, paramagnets, glasses, doped semiconductors, and piezoelec-
tric, magnetic, and metallic powders, etc. The echoes arise from
a time reversal of the phase, like spin echoes, of a primary
ghlsed acoustic excitation due to a second acoustic or rf pulse.

e phase reversal occurs through the nonlinear interactions of
acoustic oscillations with either themselves or electromagnetic
fields. The diversing phonon echo phenomena can be classified
into two general classes de'ending on the type of nonlinear mech-
anism responsible for echo formation: In parametric "field-mode"
interaction systems the applied rf field of the second pulse
intefacts with the modes excited by the primary pulse to cause
phast- reversal. The echo amplitude of this class decreases mo-
notonously with the time separation of applied two pulses, T.
backward and forward propapating wave echoes in bulk materials
belong to this class. In anharmonic oscillator" systems differ-
ent oscillation modes nonlinearly couple to one another to cause
subsequent echo formation. The echo amplitude initially in-
creases with T and takes a maximu before decreasing exponential-
ly for large T. Only the powder echoes are in this class. In
addition to these dynamic echo phenomena there are quasistatic
three-pulse echoes in which phases are stored for days and years,
phanameas being applicable to mass storage devices. The essen-

tial physics -. nonon echo phenomena seems to be well understood
although precise quantitative descriptions of each phenomenon are
still requixed. The phonon echo studies are now being applied to
a tool for physics and to technology.

- .
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STATIC POLARIZATION ECHOES IN METAL POWDERS

F. Tauruoka * and K. Kaj imura

ElectrotechniaaZ Laboratory,~ Sakua~-vtaa, Thavaki 306, Japaii

Abstract.- Static polarization echoes with long time storage in metal powders
placed In, steady magnetic field have been studied. The echo amplitudes were
found to be unstable when the surrounding He gas pressures were less than
10 Pa, wherea they were stabilized by introducing a small amount of He gas of

S100 Pa at 4.2 K. The phenomenon can be understood if the process involves
the macroscopic reorientation of individi~al particles snd If the mechanical
rotation of the individual particles is stabilized by the increase in inter-
particle friction due to the presence of He gas molecules on the particles.
'A particular base axis of the rotation is proposed to be specified by an
aniactropic magnetic dipole caused by electric currents associated with the
mechanical oscillation of particles..

1. Inxroductiom. -. In powder sample, consisting of a large umber of particles (>105)

of piezoelectric, magnetoalastic, normal metallic, and superconducting materials,

twuo-pulse polarization echoes occur at tuma (mi*2, 3,4,.,.. and stimulated three-pulse

echoes at tompT+rT-(p,r-l,2,3 ... ) follewing applied rf pulses at times t-0,,t, and

T.>T. The primary pulse at t-9 excites resonant acoustic oscillations In the parti-

es. Only the powder particiha having sizes of an otder of the acoustic wavelength f
excited In the particle are romonsible ~or the echo for~et.on. P~o der eophoes are

separated into two general types.- Dynehic echoes' hove relaxation time T 2 associated

wiLth. asousie oscillations of the particles.- The relaxation time 7 coincides with

the deesy time of free oscillation of the cenatitit lag partieles. Static or memory

echoes2I are those for which the relaxation time Tl of the stimulated three-pulse

echo at t-T+r exceeds the lifetime of any dynamic process. The static polarization

echoes were observed in powders of piesoelectric,' ferromagnetic,' and normal metal-
lic mterials * ' The echo formation mechanism and long time storage proposed by

Keleher and Shiren 2 for piezoelectric powders assume mechanical reorientation of

particles caused by the torque exerted on an oscillating dipole by an external rf

pulse. This model, referred to as the torque-rotation model, has been successful In

explaining the properties of the static echoes in piesoelectric powders.5 The model

is readily applicable to the static echoes of magmetolatic powders in which the

magetstrictive axis behaves as 0 bae axis for an oscillating dipole. In metal
powders, however, It ha not been clear so far that what types of information are
stored Is the Individual particles. In this paper we report experimental results
on the static polarization ehoes of metal powders of Al, So, and Ob and of type It

*?essmss sdids t Facuty of Science, Toky&o Institute Of Teehmology * GokayS1108
Vsguss-ka, leky. 152, Japas
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superoonducting powder of V3 SI which suggest mechanical reorientation of individual

particles. We also propose that a particular base axle for the torque rotation can

be specified by the anisotropic magnetic dipole caused by the electric current asso-

ciated with the acoustic oscillations of the particles.

2. Experimental results.- A detailed description of experimental procedure and

results vez published in Refs. 6and 7. We summarize only the essential experimental

result indicating the macroscopic reorientation of metal particles in the following:

(I) The echo amplitude took a maximum when the resonance condition was met for the

acoustic vibration of individual particles. (ii) Integration of the static echo

amplitude, e3, to its maximum value by repetitive application of a two-pulse sequence

with the relative phase strictly fixed was required to observe e3 with reasonable

signal to noise ratio under He-gas pressures>lO0 Pa. (iii) In a vacuum of 10" Pa

e3 was not detected even for repetitive application of a two-pulse sequence. Under

He gas pressures less than 10 Pa e was unstable in a sense that the integration by

the two-pulse sequence and the destruction by the third-pulse sequence occurred

irregularly in time. Actually, when a third probing pulse was applied after turning

off the repetitive two-pulse sequence, e3 died out Immediately. Above 100 Pa inte-

gration of e3 to its saturation was observed although the integration rate was very

low. The storage was able to be read out nondestructively by the third-pulse

sequence after turning off the two-pulse sequence and erased only when the surround-

ing gas pressure was reduced and an rf pulse was applied.

3. Discussion.- In the presence of surrounding gases the oscillation energy is trans-

ferred from a particle to then through its surface and consequently the oscillation

amplitude is damped as has been investigated In the study of dynamic echoes. 1 ,6 

When the surroundlog gas is pumped out to a vacuum, the oscillation smpltd becomes

large enough for particles Jumping around their unstable sitting positions, resulting

in irreversible disturbance of the stored pattern. When le gas is introduced, both

the dping of oscillation, F, and the interparticle friction against the mechanical

rotation, r6 , in the torque-rotation model increase. The measured increase in F was

at most 50 2 when the He pressure was increased from 1074 to 10 $ Pa.' The striking

effect of the presence of surrounding gases on the static echoes comes from the

sudden increase In F, which prevents the irreversible disturbances of the stored

pattern. In fact the IntegratIft rate beo nah lower than that expeted fkam only

the increase in F. It is noted that the effect of surrounding &ase tae plane

outsiWe the metal powders but not Ifje. the particles simar In nature to halo-

graphic processes$ or dislocation nations. e

We propose that the andsotropic dipole moment is caused by the electric current

flowing around the metal surface associated with mechanical oscillation of Individ-

ual particles along the direction to which the resonance condition I set. The base

axis of the magnetic dipole for the mech nical rotation, therefore, originate from

the geometric amd elastic anisotropy of Irregularly shaped powder particles. The

k#....,
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mechanical oscillation is excited by Lorentz force acting on conduction electrons

and positive ions due to the rf and steady magnetic field as was investigated earlier

by Meredith et al.1o This mechanism was applied to powders by the present authors.$

An electric current is induced at the surface of an oscillating particle placed In

the steady magnetic field due to the acoustoelectromagnetic response of electrons

and ions in the direction normal to both the surface and the direction of projection

of the rf magnetic field on the metal surface. The induced current then causes a

magnetic dipole moment along the latter direction. The theoretical calculation based

on the torque-rotation model with the above mentioned dipole moment gives a result

in satisfactory agreement with the experimental results on the dependences of the

static echo amplitude, e3 , on the rf pulse amplitudes and the strength of the steady

magnetic field.
7

In conclusion we found that surrounding He gas strongly affected the stability

of the static echoes at 4.2 K. Based on this experiment we conclude that the static

echoes in metal powders are understood by the torque-rotation model in which the base

axis for rotation is specified to be along the anisotropic dipole moment caused by

the electric current associated with the mechanical vibration of Individual particles.

The authors would like to acknowledge Professor T. Fukase for his supply with

V3 Si smple. One of the authors (FT) is gratefully indebted to Dr. T. Ishiguro and

Professor Y. Hiki for their giving him an opportunity to stay at Electrotechnical

Laboratory.
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* ECHO PROPERTIES OF BGO AND CdS

J.0. Possum, H.J. Aune, K. Fosaheim and R.M. Holt

The Norwegian Institute of Technology, 7034 Trondheim-NTH, Norway

Abstract.- A brief discussion is given of the theory of echo
generation in insulators and semiconductors. For semiconductors
it is shown that w,2w echo generation may occur without dc-
field present. In this case the echo amplitude is directly pro-
portional to the electronic conductivity and the applied fields.
Experiments in CdS support the predictions. From measurements on
BGO it is concluded that interactions with vacancies which is
responsible for strong acoustic attenuation at low temperatures,
does not contribute in the echo generation.

1. Introduction.- Wavevector reversed phonon echoes have recently been
used as a powerful tool in studying phase transitions ,2 The present

work is aimed at a further mapping of echo properties of single crys-
tals in order to find proper materials for such use. In addition it is

of great interest to attain an improved understanding of the origin of

the echo mechanism itself. For a more general discussion of phonon
3echoes we refer to a forthcoming review

2. Tho'.- Starting from a free energy e xpansion in strain S and

electric field E , and applying Poisson's equation, Newton's 2nd law

(in one dimension) can be written:
a2u _ 2u = 22S gzI .)***

2 0 o 7 cE3s + c 2  + n(1 KE .

where u is the mechanical displacement, p is the mass density, co
is the piezoelectrically stiffened elastical constant, cI , c2  and
K are functions of various electroacoustic coupling constants, e is

the piesoelectric constant, Q is the elementary charge, t the di-
electric constant and n5  denotes the space charge eensity.

In insulating diel*ctrics no a 0- A term associad with an
electroacoustic nonlineority cn in this case gives rise to an
w,2w/n echo in is an ijteger). This means that a forward propagating

strain waVe of fzqmoncy W, 8 S O coo (wt-kx) is mixed with an

eleotele f1e34to&$wequency 2w/n i.e. 0nn t to produce
a backward wave hd

Sb-o sin(wt + k ) (2)
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In centrosymmetric crystals all odd numbered constants c 2n+1 vanish,
so the lowest order echo will be an w,w echo. Otherwise, w,2w

echoes are of lowest order.
In semiconductors ns*0 . In addition to the mechanism discussed

above, the last terms in (1) now provide sources for echo generation.
4As explained by Melcher and Shiren , na will contain a backward wave

component if the applied strain and field have the same frequency
(w,w) . They found that w,w echoes as well as w,w/n echoes may origi-
nate from the term e2 n in (1). This term can not give rise to for

C 5
instance w,2w echoes except with application of a dc-field. We find,

however, that unbiased w,2w echo generation may occur from the term

22n s iE . From the equation of charge continuity and the exprese
for the current density, ns  is found to contain a term proporl ial
to a0S0coS(wt-kz). ao  is the static electronic conductivity. 1 "q
n with E , a backward echo is formed:

Sb oSoEO sin(t + kz).

ao generally depends on illumination, temperature and possibly on

field amplitudes S. and E0 , as well as pulse widths and repetition

rate.

When n. = 0 , storage echo phenomena may also occur
5.

3. Schoe in BGO (Bi1 2GO 20 ). In the present work, w,2w echoes have
been observe in 800 with several moes of sound propagation in broad 1
ranges of frequency and temperature.

The echo amplitude dependence on strain and electric field has I
proved to be bilinear, as expected rom Eq. (2). No saturation effects
are seen.

With pulsed fields the resulting echo is shown experimentally to

be the convolved product of the input pulses, with the time scaled by
a factor two for the second (E) pulse.

tm
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SF ig.2 w,2w echo amplitude in CdS at
$D room temperature versus electronic con-

9700 ductivity for various 2w fields. The

fully drawn lines are predicted from
Eq. (3).

IO The temperature dependence of the

echo at 100 MHz is given in Fig.1. The

SU CdS reduction in measured echo amplitude near
S0 dB

2 - 3dO 55 K is completely attributed to the in-
A 6dB

creased absorption in this temperature
6region . Hence vacancy diffusion in the

70 10 0 0 0 30 40
COIMXJCTIVITY CHAINE A* 47 I0cmi Ge sublattice, which is responsible for

the attenuation peak, does not have any influence on the formation of

phonon echoes.

4. Echoes in CdS.- Measurements are performed with 4 different CdS-

crystals of high dark resistivity (10 8-10 1 cm) , supplied from 3

different sources. All these crystals show strong unbiased w,2w echoes,

and also w,w echoes at room temperature.

The w,2w echo amplitude is found to be proportional to the

electronic conductivity, in agreement with the prediction in Eq.(3).

This is illustrated in Fig.2, where the conductivity is changed by

continuously varying the voltage of a white light lamp. The relative

change in conductivity, Aa , is measured by detecting the change in

ultrasonic attenuation, Aa . In all our CdS-crystals, the attenuation

increases with increasing conductivity. Theory 7 predicts:

K2
= Ac (4)

2where K is the electromechanical coupling constant and v is the
ssound velocity. The deviation from the predicted line for maximum

field (0dB) is due to field-dependent photoconductivity for this

crystal.

For two of the crystals the photoconductivity and accordingly the

echo amplitude is seen to depend nonlinearly on exitation field ampli-

tudes and pulse widths as well as the rf-repetition rate.
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BACKWARD WAVE PHONON ECHOES AT 17 GHz IN SINGLE CRYSTALS OF LiTaO3 ,

LiNbO3 AND Bi 1 2 Si0 2 0

D.J. Meredith, J.A. Pritchard and J.K. Wigmore

University of Lancaster, U.K.

Abstract.- From measurements of the power and time dependence of w-w 2 pulse
echoes at 17 GUz, we inferred that, at low powers, an intrinsic non-linearity
ys2E 2 was responsible for their generation in LiTaO 3 and LiMbO3 . However, this
model could not explain either the high power data in these materials, or any
of the results in Bi12Si0 2 0 .

It is now well established that there are several different microscopic mechan-

isms which are all capable of producing phonon echoes, depending on the nature of the

material and the form of the specimen. Thus, it has been suggested that, in macro-

scopic single crystals of non-centrosymmetric materials, the non-linearity responsible

for bdckward wave phonon echoes could be an intrinsic feature of the crystal lattice

potentialI , or it could be due to defect centres that are strongly coupled to the
2

phonons . In an attempt to understand both the details of these mechanisms and the

conditions under which they might be important, we have been studying w-w backward

wave echoes in lithium tantalate (LiTaOs), lithium niobate (LiMbO3 ) and bismuth

silicon oxide (Bi12SiO20).

In the intrinsic theory of the origin of such echoes , phonons and photons, both

at the same angular frequency, w, are coupled through the term y9222 in the expansion

of the crystal free energy as powers of strain, s, and electric field, E. The inten-

sity, Ie , of the echo is found to be proportional to y 2W2 1 12, where y is the coupling
e' uma

parameter, Iu the intensity of the forward travelling ultrasonic wave, and I the
u3 Is

intensity of the (microwave) photon pulse. Bajak later showed that this type of w-w

phonon echo is a special case of the more general interaction involving 2 phonons and

N photons, coupled weakly through a non-linearity of the pure crystal lattice.

By contrast, Shiren et al2 suggested that the presence in the crystal of strongly

coupled impurities might give rise to non-linear dispersion and absorption which could

be equally effective in coupling phonons and photons. The dependence of the echo

intensity on I and I would not be the simple form predicted by Fedders end Lu, butu m

would be a cosplcated expression depending an the precise characteristics of the

defect. In addition, a three-pulse, or "storage" echo, might be observed.

In our experiments the specimen was contained wholly within the microwave cavity,

which was immersed directly in liquid helium at 1.25 K to minimise acoustic attenua-

tion in the sample. The two exqitinq pulses had lengths typically of 200 nsec and a

separation of 1-10 iJsec. Microwave powers up to I kW could be obtained from a

4.
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Figure 1. Dependence of the echo intensity on the power of the
exciting pulses, (a) LiTaO3 (P2), (b) LiJb03 (PI).
(C) B112SLO20 (P2).
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Figure 2. Dependence of the echo intensity on the tise
eparation of the two exciting pulses,
(a) LIT6O,, (b) BSi~Oa.
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Litton 624 travelling wave tube amplifier, and a second, low noise TWTA (NO valve

TWJ30) preamplified the echo before its detection with a self oscillating Gunn diode

mixer.

The intensitq of the echo was measured as a function of the power levels of the

two exciting pulses, which determined I and I . Typical results are shown inu m

figure 1. At low powers and with exciting pulses no longer than about 200 nsec,

LiTaO3 fitted the intrinsic modl very well. Below a slight flattening at high

powers, the dependence on I m was closely quadratic, and that on Iu(not shown) linear.

In addition, the pulse shape of the echo was the predicted trapezoid. We estimated

the coupling constant y to be about 10 - 8 F m- 1 ; more details are published else-

where.

LiNWbO behaved similarly, but with a considerably broader region of curvature.

Indeed, the dependence of Ie on Iu hardly reached the linear regime in the range of

powers that were accessible (figure 1). The origin of the curvature is not under-

stood since such power levels should still be in the small signal limit considered by

Feddrs and Lu. It is possible that some additional channel which couples w photons

and w phonons and removes energy from the W echo, could exist within BaJak's model.

The echo obtained in Bi 1 2 SiO20 had a totally different power dependence
(figure 1) which could not be fitted to any simple functional form. The dependence of

the echo on the pulse separation also showed anomalous behaviour (figure 2). Unlike

those for LiTaO3 and LiibOs, the curve did not fit a single exponential but appeared

to consist of a rapid decay superimposed on a much more gradual qlope. Since, even

qualitatively, Bi 1 2 SiO2b behaves in so different a manner to LiTaO, and Lilb00 3 , it is

tempting to suggest that our sample is behaving extrinsically. However,no 3 pulse

echo has yet been observed.

We are grateful to the Science Research Council (London) for support.
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DIPOLAR FIELD FLUCTUATION4 EFFECTS ON PHOMNOI ECHOES IN PIEZOELECTRIC

POWDER

S. Yoshikawa and T. Kimura 5

Teohnologi cat Univ. of Nagaoka., Nagaoka, iigata, Japan
*Msaaaslino Electrical Comw. Lab., N. T. T., Msaashino, Tokyo, Japan

ABSTRACT: One-shot phonon echo in piezoelectric powder was studied in order
to simplify the experimental condition and clarify the basic mechanism on
this phenomenon. One-shot phonon echo is observed by the application of the
single sequence of the incident electric pulses. The one-shot two-pulse echo
wasn ob erved to have relaxation characteristics with the function of
exp(-_X) The dynamic relaxation is clarified to originate in the effect of
the local field fluctuation in a large number of the oscillating
piezoelectric particles.

1. EXPERMENTS. - LiNbO 3 and LiTaO. powder with 74-88 pzm center grain aim wos

dehumidified at 2500C, enclosed into 0.1 Pa(l0' 5 Torr) glass tubes with a diameter
15 mm. The number of particles were about 10 . The echo signal measurements were

made by using a transient recorder, which can ample a real time signal at n
rnte of 8 bits/O.2 ps, and carries out the one-shot echo observation. The relation

btenthe incident two-pulse separation and the observed two-pulse echo
hight ea was studied. Furthermore, the relation wns measured as a function of
the driving frequency. The three-pulse echo characteristics were also measured

in the one-shot experiment.
RE11SULTS.- The mesred relation between 2ad e2isshown in N.l. This

coeficiet dchanes a th driingfrequency fdae h eto

contrary, three-pulse echo e3 characteristics are quite different from those
for o 'The one-shot experimental results are shown in FIg.3. Figure 3 indicates
that the Geay of e3 does not depend as the driving frequsay . It also suggests
that the one-shot phoncis echo has long We Mie, as has be* obeinved In the
ordinary experiment. Further, the neobnim for ths deay behavior in the
one-shot two-pulse echoes origisates %in the quite disrent meehoum fom that

for 3
3. DIPOLAR MULW 1WVCTATI0N ICMAI. - The two-puoe who deMepwfth the
function of euw( 4? 2). whae 9(04 (2, spsts tha the ph n, eabo In
piesoelectric powder possibly has a similar mechanism to that of spin shb..
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In the present study, a dipolar field fluctuation mechanism is assumed and

developed on the basis of the torque rotation 2 and the dipolar field 3 models.
For the particle with resonant frequency 12 ,the angle e between the

incident pulse field and the induced dipolar orientation is given by the
3following dynamic equation.

+~ r0 i jct,a) sn acLze

where F(t,ft) is the force associated with the induced dipole oscillation, and
86is the initial orientation. It is considered that the second force is small

because ,through the one-shot experiment within the interval in the order
of T* , displacement 19 is not expected to reach a value which definitely

changes the orientation of the Induced dipolar field. Furthermore, the force is

not always known to excite the particle positively, together with the local

dipolar field, because any values of the initial orientation 6 , may be possible

in powder system. Therefore, the second excitation is assumed to be stationary

Gaussian or a kind of noise. According to this assumption, the displacement 0
is divided into two components, ef and So. They are derived from the first and

the second forces given in Eq. 1. Component $0 is defined to be the

fluctuatied angle caused by the noise. Fluctuated angle $9 is assumed to be

independent on Orand a random variable. These two variables, 59 and ,
ae assumed to be independent from time. The fluctuating effect also induces the

fluctuation £9 on the angular moment. This process is a Markoff process. The

cosiditional probability density is given by

~cs)c epi A (Sa+ f Ftncosze.)l (2)

where C is the coefflcient,and W is the noise power. From fluctuation for

the angular moment , the expected dipolar field strength is derived as follows.

x. other team dependent on Q2 and e, . (3)

if l/lW ) l/T 2 ,Where T 2 is the intrinsic relaxation constant, is satisfied in

M) and LiTaO3 powde~r, denay with tuactis exp(- t2iWr ) is realixed.
Thereore, coefficientod, qbeeved in the present experiment, can be defined

to be a( a I/ . Tbis, dowetical result further explains the dependence

of Ai on driving frequaecy V~ The relevant moment .1, Wortia I Is given by
I a&. 1 d12 , where r is the averaged grain density and d is the diameter. That

visoeetwlc eament ovaidition bas been. obseivud to bo f - lid, as repwod ta

1W.6, The observed reladimn of A( 2I epiil eoleinod by these
physical relAmen

______________________IN-
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In summary, it is concluded that a large number of dipoles, which are caused
by induced piezoelectric oscillation, should be considered in the light of
dipolar field fluctuation. The effect like this short time fluctuation mechanism
is further expected to explain the real complicated phenomena on phonon echoes
in piezoelectric powder.
1. P.Hu and S.R.Hartmann, Phys. Rev. B9, 1 (1974)
2. R.L.Melcher and N.S.Shiren, Phys. Rev. Lett., 36, 888 (1976)
3. T.Kimura and S.Yoshikawa, J. AppI. Phys., 51, 2817 (1960)
4. T.K.Caughey, J. of Acoust. Soc. of Amer., 35, 1683 (1963)
5. N.S.Shiren and R.L.Melcher, 1975 IEEE Proc.SU Symp., 572 (1975)
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ATTENUATION OF A STATIC POLARIZATION ECHO BY 4 He FILM

M. Poirier , J.D.N. Cheeks, P. Morisaeau and A. Hikata

*Dpartemnut de Physique, Universitd de Sherbrooke, Shezbrooke, Pray. Qudbee,

Canada, J1IC 2R1

**Brown's University, Providence, R.I., U.S.A.

Abstract. - We have measured by the phonon echo technique the attenuation of
an adsorbed 4He film on silica powder against pressure at 35 MHz and low tem-
peratures. The attenuation curves present the typical shape of a multilayer
adsorption isotherm of type II according to the BKT classification. Because
of relatively '*;h RF power no onset of superfluidity has been observed in
these fims.' The attenuation decreases with temperature following the normal
viscosity and thermal conductivity contributions to the ultrasonic absorption
by 4 He.

1. Experiment. - SiO 2 powder (* ~ 70 1a) is introduced in a copper capacitive cell

to which we apply a sequence of three RF pulses (f - 35 M)z) supplied by a Matec

6600 pulse modulator and receiver. The first two pulses (15 Usec separation time

and 2 psec width) produce the dynmaic polarization echo e2 and the third pulse, the

static polarization (or memory) echo e3 when it is applied a long tims after the

first two 1. Because of stablifty the memory echo has been chosen for monitoring

t, attenuation produced by an adsorbed 4ie film on the individual perticles. The

fil .is bupt up when 4HC gas is admitted & the capacitive cell. ths attenuation

is measured by a Matec attenuation recorder as a function of the cell gas pressure

for different tempertures.

The adsorption isotherm measurement is done with 13 g of "i.2 powder in a

Copper cell of 11 cm3 volume. By admitting precise amounts of 4Re gas, the volume

adsorbed by the powder is obtained by measuring the pressure variation in the cell.

The adsorption isotherm is obtained by plettin8 the total voum ad swued as a

function of the cell equilibrium pressure wiqb takes a few minutes (3 -.5) to esta-

blish for both measurements.

2. Results. - The attenuation curves obtained for different t~eltture ar. PCe-

sated in Figure 1. They are the result of an adsorbed 4% flum od the individual

particles and not an effect of gas Ioeding es. wheh would give a linear varla-

tio with pressure 2. In Pigurs 1, there is first a rapid increase of attemattion

for P/po < 0,1, then a flattening up to 0,7 and.a rapid Increase when saturation

pressure Is approached.

Ansmpn e of an adsorption leaotern of 46 on the ae pdwdt to shown in

+ermenest address Ceseil National de Recherche du Canada, IGW, 750 rue Dl-Air,
Mntreal, Frov. Qedhee, Canada, IM 293
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Figure 2. Because of small specific surface of adsorbant, residual gaseffects cow-

tribute to the adsorbed volume especially at low pressures and high temperatures.
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via. 1: Attenuation variation of emory Fig. 2: Adsorption isotherm of 4Re:
echo versus relative call pressure of '*ae adsorbed volume at STP per g of adsorbent.

3. Discussion. - By comparing attenuation and adsorption isotherm results we co*-

dlude that we are really measuring the attenuation produced by the adsorbeid '4Ue
film on the individual particles. According to the classification of adsorption

isotherms. of WT3 our results show evidence of multilayeir adsorption. There is

first at p/pO < 0,1 completion of the first (or two) monolayer compressed In the

van der Waals field of the substrate which gives a rapid increase of attenuation

and also volume adsorbed. Up to p/p0 - 0,7 the completion of the first normal
monolayer procgeds showing a flattening and for p/p 0 > 0,7 multilayer formation is

going on with a fast increase in attenuation and volume adsorbed. At saturation

pressure, liquefaction occurs: atternuation is mazimem and volume adsorbed goes to

40. According to the slab theory of P04 the volume adsorbed should be a linear

function (*lope - 1/3) of In (polp) on a log-log scale when multilayer formation

proceeds. One my verify that It Is Indeed the case by looking at Figures 3 and 4

where such plots have been done for both sets of results. The data align fairly

well along the line - 1/3 with a slover approach for adsorbed volume because of gas

effects at low pressures.

In Figure 1, the attenuation decreases with temerature which is the usual

variation associated with the normal viscosity and thermal conductivity contrIhu-

tious to the ultrasonic absorption S. so onset of superfluidity ts observed in

these film because too much NV power is needed in phoom echo experimnt. In fi-

gure 2 adsofted volum is sot only a film effect but there is a contribution from

residual gas which will be discussed in & later paper.
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Fig. 3: Attenuation variation versus Fiz.- 4: Volume adsorbed per g at STP
In (p0 /p) On a log-log scale. versus in (p0 /p) on a log-log scale.

In conclusion, we hove shown that an adsorption isotherm model proceeding
from a multilayer formation explains our phonon echo attenuation results. It shows
that such a'teclwlique may be used to monitor the adsorption Isotherm of 4Be at low
temnperatures with an interesting sensitivity to detect morolsyers.

This work mee supported by the Natural Science and Engineering Research

Counecil of Canea aid the G.R.S.D. (Gronpe do Racherches su? lea saionductsure at

lea Dialectriques).
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ON THE POSSIBLE USE OF OPTICAL ROTATION MEASUREMENTS FOR DETECTING

WEAKLY IR ACTIVE MODES

V.C. Sabmi

&otav PAUids Divvieto, Rbxba Ataxia Reeaah CnaTub~,Bib
400 O hdia

- activity of normal *ode of a oyntal is usualy
aod tbrough reflection or transa1sio measurements.

fe propose here another way which should be useful for studying
modea of weak IR activity. The e thod involves measuring the
rotation angle 0, of the plane of polarisation of a monoohro-
matic be=n of frequency w , an the beam traverses a crsteal of
thickness d. By studying 0 am a function of incident frequency
e, one would observe a 'resonance' alose to each IR ative fre-
quenoy 4 ; . The method would be feasible If there is appre-
clablo transmission of the beam that Is the osoillator strength
of the mode J wall. We suggeet a system, nmly, L1804,
where this idea could be applied. In particular we discuss how
the e mtetri6 stretohing mode of 804 whidh Is IR Inactive for
a free Lou but Is weekly IR active in this oretal, could be
Investigated uuing different wavelengths of a 02 laser.
Potentiality of the proposed teohnique for investigating phase
traasitlows, wherein certain Rama active modes acquire weak IR
activity a os the transition are mentioned.

1. It!be.. 2 infra-red (Iw) aotivliW of long wave-
length modoe of a crystal in traditionally investigated via the
first order process involving reflection or transmision
measreumente, 2 and a wealth of data has been aocomulated in
this way. Here we propose another way of detecting weakly 1R
active modes. The method involves monitoring the rotation 0 of
the plane of polarisation of a monobromatic ben of frequonq
so (as It passes through a crstal) ans a fnctln of u.. Prom
the resonafse which will be exhibited by this function it
should be possible to infer the tU dia e lon frequencies. We
will outline the physical hesLs of the method in section 2 and
also point out the corcumtanoes when the technique would be

feasible. A poesible test owe,, where the idoes suested hore

could1 he aplied, is diaciused in section 3 and6 certain remWbu
az so rerdmlug the utility of this technique- in invjetla

time mirain pifee tvansitioe

.N 09in 401l0 oftU Jl1b d. It-i of pe the

,phomemaea ef eptteesl rotatom* vise rotation of plume of"
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polarisation of a plane polaribed beam in traversing a medium, oan
occur even for a mediujm whose real dielectric tensor in isotropic,
purely on aooount of .tffets of 'apstbial diqarsio3. Dorm and Rasng
hae" shown that this effect oan cause, in a cxy*$l otherwise firee
from double refraction, the right and left circularly polarised beams
to travel with differing phase velocities. Smogm a plains polarised
beow can be expressed ae superposit~on of two such circularly
polarised beeme, the above difference in phase velocities re sults In
a rotation of the plane of polarisat ion an the beam traverses fhe
medium. One can vhwthat even for uniazial cretals when the ber
propagte slowg the uuique ails simlar ooasidamtQw hold, and
further the rotation angle 01to related "to Ithrni*

Where is-the gjwattom vostar, k a uM$t veo~er -along th beam direc-
tIon and d Is the tlithess of Uwe oxystali 2t ealeulation of the
arat ion vestor I equires one te eelonoat. the wae veetor dependence
of dielectric suse40tibility a. C , i) ; that -is effeots of
spatial dispersien have to be Ingdopmete4q. Upiit,,oeelations
have been peoorms (ithqwt isoledift lbs desmin effhets ) f or the

0.,Lonmoe Whse h erw an a thei0mymea)ma~tno ,~tsetrio (ofot nd

( ~m~ *iareevolio order ofi1,293)
Witin 1_ t of negligible damping, one can write a sommwhat more

iosr#4 f"tore (t' or the rigid ton model) for tfie arst ion vector
and this turns 49ut to be

W-( , -(3)- *0

ban 0, hemee tiv emikftkt elig tune a
motiv modes).* (a'ove 4W isw@1,e@Ih egmet i of t "as.
PsrVwtsq 5 31 DI j, t*AKfb o f the
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Upon using equation (3) in equation (1) we find that if we study

the o dependence of the rotation angle 0, then it would chow resonanwe

close to each dispersion frequency. In this wy, by experimentally

meauring the rotation of plane of polarisation of a monochromatic

been of frequency t the dispersion frequenoes of IR mctive modes can

be located. Of course, it is obvious that for the method to be prao-

tical, the transmission of the beam should be appreciable. This means

that the method would be feasible only for modes of rather weak I1

activity. However, the Important point to note Is that resonant oharac-

ter of 0 an a function of 0 holds even for modes of weak activity, and

hence the method could be useful in their study provided the attenua-

tion coefficient isq a 4 50 an-1 .

3. Test CLse and Utility.- A testing ground, where the technique

suggested in this paper could be tried, is provided bf the system

LiKB04. This is a crystal belonging to the symmetry a; at room tempera-

ture and there are two molecules per unit cell. In the free ion state

we know that the symmetric stretching mode 0s IR inactive. In L MKS4 1
however, became one of the oxygen atom it Inequivalent compared to

other three, this mode too acquires IR motivity. Of course, the 32

activity I expected to be extremely weak and so the present athod

could be tried. lrom Raman measurements It Is known that the fre"quenoy

of this mode lies at 1008 oC I. A convenient source of monochromatic '
radiation would then be a 00 lamer which offers several wealengths

lying in the range 960o "m to 1060 o -1 . The beam could be made to pam

along the unique axis of the crystal, whose faces are out so am to be

normal to the unique axis. By monitoribg the rotation angle a as a

function of W one can see whether IR activity of the mode can be

established In this way.

If this technique prows feasible then one could employ It to

study phase trMcittoas wherein the inversion smetry is lost/squired

aross the transition point. Often in such cases certain Rmman active

nodes lose/aoqulkS 1r activity but the effects are rather weak. I
such situat&ons, whenthe vibrational ftequeny Is alreay know from

Raman dLa, to establiih whether the aquisition of ZR activity by the

mode has oorred or not oculd be asoertained by the proposed technique.

k1gl iaiii. 1. X. Bore and .o _, nu1-M kMJa 11g

2. 6. Yeakheasl, L.A. Peidhemp and V.O. Ishnl, MUnas of prfeot
A i. (31 Urea, OmrSi6o, M) 1975.

. Ust. 1 Appedix X and Chapter VII.

" v! I mim
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LATTICE DYNAMICS OF CUPRITE (Cu 20)

G.E. Kugel, C. Carabatos and W. Kress*

UniVersity of Metz, 67045 Metz, France
*Max-Planck-na~tit f Featkdrperforchung, 7000 Stttgart, F.R.G.

Abstract. - The _honon dispersion curves of Cu2 o have been calculated using
a shell model which takes into account nearest neighbour O-Cu, Cu-Cu and
0-0 interactions, long range Coulomb interactions and the electronic pola-
rizability of both the oxygen and the copper ions. The results are compared
with the data obtained from ultrasound, infrared, Raman and inelastic neu-
tron scattering measurements. The interrelations between fcc-Cu and Cu2 0
are pointed out and the influence of deformations of the electronic charge
density on the phonon dispersion curves is discussed.

Introduction.- For many years the extremely rich excitonic spectra of cuprous oxi-

de have attracted considerable interest in the electronic properties of this com-
1 2,3

pound . Up to now only very few attempts have been made to calculate the phonon

dispersion curves and thus to give a unique interpretation of the different phonon4 5,6
frequencies deduced from recent ultra sound 4, Raman scattering , exciton lumines-

!7 8 2.
cence and inelastic neutron scattering measurements. The calculation of Huang 2is

3
restricted to the r-point whereas the model of Carabatos which gives a quite satis-

factory description of the optical modes at the zone center does not reproduce the

elastic and dielectric properties and shows serious disagreement with the neutron

scattering data, in particular a softening of the acoustic branches at the R point.

In this paper we show how the model has to be extended and modified in order to

overcome the above mentioned deficiencies.

Cuprite crystallized in a simple but

uncommon structure which belongs to the non J.. -.
4

symmorphic space group Oh and can be consi-

dered as being made out of two interpenetra- 2

ting Brawais lattices: a fc-Cu lattice and

a bcc--o lattice (Fig. 1). Bach oxygen isI

the center of a regular tetrahedron the or-I

ners of which are occupied by the four nea- I

rest aeilbour Cu ions. The unit cell con- -

tains two frmula units of Cu20.

At the center of the Brillouin zone

the normal vibrations of Cu 2 0 decompose into

3r (3) + (3) + -,(2 ) -, [1 1 , r (3 )
15 +25 r12 2 25 Fig. 1. Crystalline structure of Cu20.

15 "5 12 2.25
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where the two optic r I modes are infrared active and only the P;, mode is Raman ac-

tive. In contrast to the poor first order ordinary Raman spectrum which exhibits

only one mode all odd-parity .ohonons can be observed in resonant Raman (RR) scatte-

ring on exciton lines. For a long time the interpretation of the RR spectra has

been highly controversial. At present the different lines are well understood in

terms of quadrupolar and dipolar transitions and specific polarization selection
9rules have been derived

Lattice Dynamics.- The phonon dispersion curves up to phonon energies of about

5THz have been measured in the high symmetry directions A, E and A at room temperatu-

re by Beg and Shapiro8 . Sowe complementary measurements in the intermediate energy

region between 4 and 10 TRz have been performed by ourselves in order to determine

the branches connected to the r,2 mode. The results of the neutron scattering mea-

surements are represe ted in Fig. 2 together with our model calculations.

In the following we will discuss the different rarameters of the model. First

of all we take into account the nearest neighbour O-Cu interactions. These interac-

tions which have already been used in the rigid ion model of Carabatos and Prevot3

are most important and have to be considered in any model for Cu20. This can be con-

cluded from band structure calculations
O10

which reveal a strong hybridization of _ T

the Cu 3d orbitals with the 0 2p states. 61-O 2

This hybridization favours the cuprite

structure and stabilizes the copper te-

trahedra around the oxygen ions. The im- -- -
portance of the Cu-O interactions is

also indicated by the high frequnecy

(15.45 T~z) of the Raman active r 5

mode in which the oxygen is displaced t

with respect to the rigid copper tetra-

hedron. In a rigid ion model this mode

determines directly the force constant

for the central 0-Cu interaction. The

second mode which is strongly dependent

on the O-Cu force constants is the r

vibration which corresponds to an iso- e" , %

tropic deformation of the copper tetra-

hedron. Naturally this mode is also in- Fig. Phonon dispersion curves in Cu-

fluenced by the Cu-Cu interactions which prite (o:ref.8; 0: our measuremnts:
*optical data). The full lines are the

we now discuss. It is interesting to note shell model calculations.

that the elastic constant c itscaled by the mass densities of Cu and Cu20 is the
same in both crystals whereas the shear constants L(c 1 1 -c 1 2 ) and c44 are considerab-

ly lowered in the oxide. This means that the LA and the lowest I) branch in the 100

direction are basically due to the same interactions as in metallic copper. It is

.. . -_ i
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therefore essential to take into account the nearest neighbour Cu-Cu interactions

and to take care of the fact that the Cu-Cu interactions in Cu 2 0 are split into

two distingt families. In the first family the Cu-Cu forces act together with nea-

rest neighbour Cu-O-Cu forces which are missing in the second family. It should be

mentioned that it is not the Cu-Cu interaction itself which stabilizes the frequen-

cies in the E and A directions and in particular at the R-point, but the fact that

the force constants of the two families are different. Our calculations show that

the considerable lowering of the shear elastic constants in Cu20 as compared to

fcc Cu is due to strong non central O-Cu interactions weak nearest neighbour 0-0

interactions and a strong enhancement of the interactions between those Cu+ ions,

which are linked by Cu-O-Cu bindings. The large value of the dielectric constant

e (6.46) arises from a substantial electronic polarizability which is essen-

tially due to the oxygen ions. Minor contributions arise from the Cu ions. In our

calculations it turns out that the shell change of the Cu + ions is positive. This

indicates a strong overlap of charge density near the Cu+ ion which is also indi-

cated by the band structure calculations. The dipolar electronic polarizability

acts mainly on the polar r modes. Band structure calculations and RR scattering15
experiments indicate that electronic deiormations of other than d:.'.I.lar symmetry,

in particular the isotropic deformation of the charge density around the 0 ions,

may become important. The effect of an isotropic 0 deformation is already inclu-

ded in our calculations since it corresponds essentially to a special combination

of nearest neighbour force constants between those Cu-O-Cu bonds. The large values

fonod for the Cu-Cu coupling constants A and 6 for the first family support these

ideas.

Conclusions. - With our model a realistic calculation of the phonon density of sta-

tes and the specific heat will be possible. The inclusion of the scattering matrix

elements will give the RE spectra. Investigations of the pressure dependence of the

RR spectra are in progress and will yield the third order anharmonic contributions

to the lattice potential.
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TIME REVERSAL SYMMETRY AND THE RAMAN SCATTERING BY CRYSTALS

A.K. lRadas and S. Rodriguez

Department of Physice, Fuzoai Univereity, West Lafayette, bIdia 4707,
U.S.A.

Abstract.- A survey of the effect of time reversal symmetry on the phonon
spectra of crystals is presented. The linear wave vector dependence of the
dispersion curves of the zone center polar modes as well as splitting of
shear acoustic modes are accessible to observation in the Raman and Brillouin
spectra of selected lines in suitable crystals.

In perfect crystals, the symmetry of the lattice imposes restrictions on the

nature of the normal modes of vibration. For example, phonons of infinite wave

length can be either non-degenerate or at most doubly degenerate except for crystals

belonging to one of the five cubic classes in which case, in addition to the above,

there can exist triply degenerate phonons. These conclusions for these modes as

well as their eigenvectors can be deduced from the knowledge of the symmetry of the

crystal and the content of its primitive cell.

In addition to the geometrical symmetry operations of the group of the

crystal under investigation, the equations of motion of the atoms (classical or

quantal) are invariant under the operation of time reversal. This additional re-

striction has interesting consequences for the dispersion (dependence of the fre-

quency of the phonons on their wave vectors q) of the normal modes.

Let each primitive cell of the crystal be denoted by a translation vector n

and let a - 1,2....3f label the degrees of freedom of the f atoms in each cell. In

the harmonic approximation, the equations of motion of the displacements uno from

the equilibrium configuration areK a Un5 no n(1) G n"-A )un
n a

Where C , (i - n') are the force constants and Na the mass of the atom associated

with thb a degree of freedom; transtational symmetry requires that C ,(n -4n')

de end only on i - n'. Furthev*re C ,( - ') is sylntric in e.a' ad i,$'.

The prpagating solutions of these equations With wave vector and angular fre-

qLmncy uC') obey the eigenvalue equation

= ,[Caau() w 2=)( 6) a '1=, =0 , (2)

V." "i - II
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where

C' ,(") Z, (M, ) "  M  ( ')exp [-i' ( -')] (3)
n

C(q), the dynamical matrix, is Hermitian and positive definite. Time-reversal

symmetry imposes, in addition,

E*(-4) - C() (4)

Pine and Dresselhaus 1 ' 2 have shown that this requires the frequency of all optical
phonons to vary quadratically with wave vector in the vicinity of q = 0 with the

exception of the doubly degenerate polar phonons of crystal classes C3,C4,C6,D3 ,D4,

and D. and the triply degenerate polar phonons of crystals with point group
symmetries T and 0. The frequencies of these phonons vary linearly with q near
q 0. The syIetry groups enumerated above possess only proper rotations. The
presence of an improper operation is sufficient to invalidate the possibility of
this behavior.

For acoustical phonons, since w(4) tends to zero as q - 0 and the eigenvalue
equation (2) gives 2 , solutions for all crystal classes are linear in wave vector
near - 0. However, shear acoustic waves propagating along the optic axes of

crystals of sywmetry C3.C4,C6,D3,D4, or D6 and along the (100) or (111) directions
of crystals of classes T and 0, corresponding to right- and left- circular polar-

izations have different phase velocities. This gives rise to the phenomenon of

acoustical activity.
3

Rammn and Brillouin scattering are ideal techniques to investigate the be-
havior of phonons described above. The wave vector conservation rule establishes

that the phonon involved in a given inelastic scattering has a wave vector equal to

/2 k for right-angle scattering and 2 kL for back-scattering where is the wave
vector of the incident radiation. The energy differences between the different

phonon branches into which the zone center polar modes splits are small for 0 < q <
2 kL. This necessitates the study of appropriate narrow lines in the Raman spectra f
requiring temperatures in the liquid helium range and high resolution spectroscopy
with a Fabry-Perot interferometer.

Studies on suitable Raman lines in c-quartz1 ' 3 ' 4 and ai 1 2GeO20 , 5 have clearly
demonstrated the above phenomena. The latter material is cubic with point group

symmetry T. The three-fold degenerate polar optical phonons at q - 0 are split
isotropically according to an effective Hamiltonian interaction of the form

, A , (5)
where A is a phenomenological constant and I the angular momentum matrix for unit

spin. In addition one must take account of the splitting of such triply degenerate
phonons, even for 4 - 0, into longitudinal and transverse optical branches. Further
verification of the linear-j effects is provided by studies of the polarization
features of the Rammn spectra in the absence and presence of an applied uniaxial
stress. Phenomenological constants describing the linear-j (e.g., the constant A In
Si1 2 1020) and the stress dependence have been obtained from such investigations. 4 '5
1
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We note that in the presence of a magnetic field, i, time reversal symmetry

breaks down unless the time reversal operator is applied also to the sources of the

magnetic field. Then, instead of Eq. (4) we have

C*(..4 -)= ¢(4,) (6)
A theoretical study of the effects of a magnetic field on the phonon modes of

crystals at q - 0 has been carried out by Anastassakis et al. The consequences

regarding linear-I dependence of phonon frequencies are similar to those for the

linear-4 dependence discussed above, but occurs in a larger nuner of crystal

classes. In general the changes in phonon energies due to the presence of a magnetic

field are small. However, if an interaction of the resonant type occurs, i.e., if

there are magnetic and phonon excitations of the crystal having approximately equal

energies, the effects can be large. This is illustrated in the work of Schaack7 on

rare earth compounds.

Finally, an interesting case of linear-4 dependence of phonon frequencies in

helical chains has been investigated by Imaino. 8  In a model study he exhibited the

linear dependence of doubly degenerate optical phonons in linear helical chains con-

taining three atoms per turn with equal force constants between the first three

nearest neighbors.
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THE PHONON ANOMALY IN b.c.c. He 4 : A PHONON SELF-TRAPPING ?

H. Hiritiar

Labomatoire de Physique dee Solides, Univeraitd do Pare-Bud, 91405 Oraq,

Abstract.- It is proposed that a longitudinal phonon in b.c.c. He4 ,at wavevec-
tor =2.3 1-1 can be self-trapped in a liquid drop and form a roton-like
excitation. This can account for anomalies observed in the phonon spectrum,in
a sphere of momentum space.

The concept of self-trapping,well-known in the case of a single particle,can

be extended to collective excitations (1): consider a system where one can define

two phases which have almost equal thermodynamical potential,GS in the stable phase

and GE in the excited one. Suppose than an elementary excitation as a lower energy

E in the excited phase than in the stable phase wso that Aw - ws E>>-G- GS .

The excitation energy lowering Am tends to induce the formation of a volume of the

excited phase, limited to a finite size by AG. Taking into account the excitation

localization energy Rioc*the excitation can be self-trapped if the thermodynamical

potential balance is favourable.

Ws consider here longitudinal phonons in He4 , either in the b.c.c. solid or

in the superfluid (the phonon-roton spectrum). This system seems a good candidate

for collective excitation self-trapping:first,,longitudinal phonons exist with a

long lifetime in both phasea (as "rotons" at large wavevectors in the superfluid).

Secondly, in many respects,solid and liquid Helium behave very similary: Delrieu has

noted striking analogies between the two phases (2) (orders of magnitude,types of in-

teractions,types of defects). Castaing and Nosxires have pointed out the Onearly

solid* character of liquid Be 3 (3)(the sam idea applies to liquid Be 4 ). A roton in

superfluid s4 has been described as a longitudinal phonon self-trapped in a solid-

like region of the liquid (4). Here, the stable phase is the b.c.c. solid at pressu-

rem only slightly higher than the melting pressure, so that the melting free en-

thal" is msch smller than a typical atomic kinetic energy in the liquid

%in " X2 k2/20, were m is the atomic mas and k1- u/a (a is the interatomic spacing).

The b.c.e. structure coresp ds to the lowest solid-liquid surface tension.

The excitation spctrum of the liquid exhibits a minLmm (the mroton mini-

m ),at a useecto, qoa 2.", w - o 7.3K. In the larger part of the

ammentum spece, the pien ergies in the solid a5 (q) are mach larger than Usso

thatt

AN i) all*a A.~ G WT)I
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Therefore, conditions for self-trapping in a superfluid drop of radius R are favou-

rable at wavevectors around the roton minimum. The free enthalpy balance condition

can be written:

-A(q o ) + Eioc(R) + (4w/3)R
3
AG + 4WOR

2 
< 0

The second term is the energy necessary to localize the roton within the drop.The

last term is the solid-liquid interface energy,which remains finite on the melting

curve,and, therefore,predominates on the volume term. As estimated from ion mobility

measurements (5), a = 0.04 erg/Cm2 . A roton can be pictured as a vortex ring of dia-

meter 2R ,with a dipolar velocity field, except at small distances.In the Feynman

model, 2R '- a. However, in this work,it is more consistent to use the picture of a0

phonon self-trapped in a solid-like region of diameter 2R . The estimate of Ro is

* about 4-5 interatomic distances on the melting curve. To localize the roton within

the drop,it is necessary to perturb the dipolar backflow,which increases the fluid

kinetic energy. Imposing that the velocity vanishes for r > R,and considering the

fluid as continuous,perfect and incompressible,we obtain,as leading term:

Mdinimization with respect to Rgives the free enthalpy of the self-trapped state:
GS ~lq o ) + (3/21 )1 22/2MR2)

1/ 3 Xea /

ST 0 0
the optimum drop radius is

R = a 22/ealI i e- Maa / 8wa 1

We expect about 120 atomas in the drop and a self-trapped phonon energy about OX

above the roton energy. Given the rough approximations involved these figures should

be considered as orders of magnitude, rather than precise determinations.

Have these self-trapped phonons been observed expermentally? Indeed,anomalies

have been seen in the phonon spectrum of b.c.c. Be4 in neutron scattering experiments

(6) :at equivalent points of the momentum space,non identical neutron profiles were

observed. At I'~l- 2.31'1,on a sphere of the momentum spaceothe profiles were dissy-

metric, with a higher intensity,and occured at loer energy.While disymetries eid

changes in the peak intensities may be due to interference effect in the one-phono,

scattering function bees yde (7)) the peak energy lowering cannot be interpreted so

easily, the fact that the anomaly occurs at a constant value of the nodulus of tne

wavevector,independently of its direction,agresa with our interpcetation,sinae the

roton spectrum of the liquid is isotropic. The value of the anomlous avervector

fql - 2.3A* is also in agreement with the roton vavevector, loicated at 2.lr ,R1 o

the melting curve and, tbrefore,at a higher value in the metastable liquid at pres-

sures above the melting pressure. The value of the minimum emergy,o a 15K is in

remarkable agreement with our rough estimate , 10K above the rote energy,i.e.

about 17K. arthrm (8) has shown that the Debe-Voller factor in the solid closely
4

resembles the structure of superfluid Se , exhjibiting characteristic oecillations

in the longitudinal modes (but much maller ones in the trverse modes).

w prqpse that these effects are a manifestation of phofon self-trapping.

it is obvious that our medal is quite Schematic and roughly approximate. What

7- I.,
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we want to point out in this model are consequences of high non linearities. In this

quantum crystal,the equations of motion should be non linear. Indeed,the physical

condition Aw - AG implies that the degrees of freedom involved in the excitation

are strongly coupled to the order parameter of the phase transition (here the fourier

components of the density at wavevectors belonging to the reciprocal lattice). The

coupling is so large that a linearization is not possible. It is well known that,in

such a case, a local solution is possible: the case of an electron in an ionic crys-

tal embedded in a lattice polaron is a well known example. An electron in a magnetic

insulator with a large s-d exchange, forming a magnetic polaron,is another one. In

our case the collective excitation becomes local both in real space and in momentum

space. In this local solution,the anharmonicity is so large that surprising simila-

rities with the liquid phase are observed. This is what we want to modelize with

our liquid drop picture.
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A STUDY OF THE Fb PRECIPITATION IN NaCi FROM THERMAL CONDUCTIVITY

EXPERIMENTS

N. Locatelli, R. Suchail and E. Zecchi

Service des Basese Tempd ratuae, Laboratoire de Cryophsique, Centre d'Etudes
Nuctairee de Grnobl, 85 , 38041 Orenoble Cedaw, Prooe

* Grupo IaaionaZe di Struttura daZ a I*t.ria CIR, Ietituto di Fis ia

dell 'Univerita di Parma, Italy

Abstract. - Phonon interactions are very useful in the study of lar ,e defects
in dielectric crystals. We present here the study of the nucleation phenomen-
um of Pb in NaCi by means of thermal conductivity experiments between 50 mK
and 50 K, and give some elements in favour of the hypothesis that the vacan-
cy is the scattering center in the IV dipole (Pb2+ vacancy) phonon Interac-
tions.

1. Introduction - The interaction of phonons with large defects in dielectric crys-

tals depends on the characteristics of the defect (dimensions, shape, density) and

on the phonon frequency (1). Therefore thermal conductivity experiments can be very

useful in the study of such defects. Since phoos interact With many different de-

fects, it is necessary to know the different Interaction processes available in the

stud 4- system, in order to analyse the results.

in previous work (2) on Pb nucleaction in KC1 we have deduced the presence of I
a cylindrical Suzuki like phase (PbCl 2 superlattice), also we have observed phonon

scattering by I.V. (Pb2+ vacancy) dipoles and formulated the hypothests that the

scattering center is the vacancy, as the resonance frequency does not depend on the

cation (3).

It is interesting to confirm this hypothesis and in order to do this we have

studied by the same technique the NaC1 : Pb system, where the site of the vacancy is

different from that in KC1 Pb (4).

2. Experiments and Results - All the samples were provided by Prof. R.CAPELLETTI

from Parma University (Italy) and their characteristics are given in Table 1.

The thermal conductivity has been measured by the standard method in two ther-

ml states for the doped crystals : as received and quenched. The thermal treatment

at 5001C for two hours before quenching to LNT permts to dissolve sore of the large

defects.

I.V. dipole contentration in the diffemt states and samples has been mea-

sured using Ionic Thormc Currents (ITC) taeheique by the Parma Group. A pure NaCl
sample has been Measured too as a reference.

The results are shown in Fig.l. end we can mke thi follewieg remarks :1) for

the heavily doped sample it is impossible to dissolve all the lead by a qwM g

IN -z'
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this result is confirmed by ITC too, ii) for the sample with the lightest doping,

the "dip" at high temperature, attributed to I.V. dipoles, is very small, while ITC

experiments show the presence of I.V. dipoles.

3. Quantitative Analysis - We use the Debye model, as employed in (5), to analyse

the results : in this model the different scattering processes are considered inde-

pendent and the total inverse relaxation time is given by the relation

T"1 = v/b + Gw + Aw? + T-1 + E -r 1

ph ph +

v/b, Gw, A and phr ph correspond to the boundary, dislocation, point defect and

phonon phonon scattering, v is the sound velocity, b the sample dimension ; only G

and A can vary with the thermal state of the sample.

Tph ph has been accurrately determined using the results for the pure sample

p ph 84370 w2 T exp ( - 310/4.5 x T)Sph ph'

T-1 are related to the IV dipole and large defect scattering.

The following expressions have been used :

- IV dipole T-1 = Du,/ (W2 - W2)2 elastic scattering where D is proportional toIV 0
the IV concentration and wo is the resonance frequency,

- large defects : two types

Spherical T1 = Nr v 1 ar where Nr is the spherical defects concentration

(1 + R exp (- i)) x (rw/v) 4 for T 1.5ar  = ] r 2  X r=vr

(I + R exp (- ,)) for T > 1.5

where r is the radius of the defect and R a scattering efficiency coefficient.

Cylindrical Tg I Nd v " I d where N is the cylindrical defects concentra- I
tion and a~ M d  + e

with t= gV2 (W/V) 3 for tw/v < 1.5

= gV2 (W/v) 3 exp (-c(f - -5)2) for L- > 1.5v t v

a fdA (dw/1.5v) 4 for dw/v < 1.5

fdA for dw/v > 1.5

where t is the length, d the diameter and V the volume of the cylinder, v the

sound velocity, g, f are scattering efficiency coefficients, c an adjustable

parameter.

The values of the main parameters corresponding to the curves in Fig.1 are given

in'the Table 1.

We note that the fits are good for the heavily doped sample, but not excellent for

the two other samples. This can be attributed to the presence of impurity ions which

modify the thermel conductivity minly for the unhoped or lightly doped sample.

Nevertheless w can deduce the following results from the analysis I) the lead

nucleaction gives rise to large defects with the dimension and shape depending on

the Pb concentration spherical at lw concentration and cylindrical at high con-

contutten.

- ;v- : ." i -. ____"'________, . , _. "" - "
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ii) the IV dipole phonon scattering is weak and corresponds to d resonance tempera-

ture of 55 K.

This behaviour is different from the one observed in the KCI Pb system where

the scattering is stronger and at a resonance temperature of 29 K.

4. Conclusion - The scattering center in the IV dipole phonon interaction seems to

be the vacancy, and a quantitative model will be developed in the future.

Moreover the Pb nucleaction gives rise to large defects where the shape, sphe-

rical or cylindrical, seems to depend on the Pb concentration.

K(Wcn.1*I) SA4PLE 1 1 2 2 3
10_ n ... Pb conc. 210 ppm 210 ppn 50 ppm 50 ppm PR

e  0 A x X
Fig. NYBOL As rece Que \s rece Quen- As rece-

ived ched ived -ched ived

1 To- ->O 55 55

,D(a.u) 2 . 1 0 9 0 2.108 0

Nd (a.u) 12 .3 0 0 0

',t (R) 100 100

d(X) 17 17

Nr (a.u) 0 0 .3 0

A(a.u) 10 10 10 10 10

I f, G(a.u) 0 0 0 0 0

FiI Thermal conductivity versus
tfiemperature for symbols see. Table 1 Table 1
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INTERACTION OF SOUND WITH VACANCIES IN boc 3He CRYSTALS

I. Ivasa and H. Suzuki

Department of Physice, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

Abstract.- Longitudinal sound velocity was measured in bcc 3He
crystals at frequencies of 10, 30 and 50 MHz as a function of
temperature. Above 0.4 K, the velocity always decreased with
increasing temperature and no systematic dependence on frequency.
was observed. The result was interpreted by taking into account
the contribution of vacancies to the sound velocity.

We have measured the longitudinal sound velocities in bcc 3 He
crystals with a resolution of 2-10 - 5 at frequencies of 10, 30 and 50
MHz as a function of temperature. The relative change in the velocity

Av/v0 = (v(T)-v0 )/v0 is plotted in Figs. 1 and 2. The data in Fig. 1

are taken for a crystal grown at 33 atm (24.4 cm3/mole). The velocity

change below 0.3 K is hysteretic~and amplitude-dependent due to dis-
locations and is discussed elsewhere.1l Above 0.4 K the velocity

decreases with temperature. The data in Fig. 2 taken for a crystal

grown at 38 atm (23.8 cm3/mole) show no systematic dependence on the
frequency.

Our results are consistent with those of Wanner, Mueller and
Frab . 2) They analyzed the data by a 2-parameter equation

p(v 2 (T) _v 2 1 - tT4 + T6  (1)

where p is the density and R and S are parameters. The equation was
derived by using the Mie-Grineisen equation of state for a solid
together with the specific heat. The first term on the right-hand side

was a direct consequence of the lattice specific heat and this T4 _
dependence was observed in hcp 4He crystals. The second term was
related to the excess specific heat (high-temperature anomaly) which
was described by a T-dependent Debye temperature O(T) - 0 (1-aT2 ).
Although eq.(l) was well fitted to their data, their derivation of the
second term was unjustifiable because the term was comparable to or
even greater than the first term.

The recent specific heat measurement of Greywall has shown that
the high-temperature anomaly is primarily caused by vacancies. In the
following we will show that the observed temperature dependence of the

.. .. ...... .I; i.- ..- :
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NO.8 X4 480 ppm NO.18 IX 4 2OOppm

0 A o run I
X X X xt xrun 2

-2 -5 0IOMHz
o& 30 MHz

x x 
u 

50 MHz
0

\ V 490 MIS> 0 V a 521 MIS

Vj- 2V. 23. 80 I m3 ,1o,.
-6- TM 0. 70 :K I-15 , 0m.3 K

0 .2 .4 .6 0 .2 .1. .6( .8
TEMP. (K) TEMP. K

Fig. : Temperature dependence Fig. : Temperature dependence
of the velocity at 10 MHz on a of e velocity at 10, 30 and
cooling run (run 1) and a heat- 50 MHz. Phase separation did
ing run (run 2). The drop in not occur in this crystal.
the velocity at 0.08 K and the The curve is calculated from
hysteresis below 0.3 K are due eq.(4) with k=-1.10 and
to dislocations multiplied by X t-0.55.
phase separation. The curve is
calculated from eq.(4) with
k=-1.53 and L- -0.51.

sound velocity is consistent with the specific heat which is composed

I'!of the lattice and vacancy terms.
According to Greywall the specific heat of a bcc He crystal is

a sum of (1) the lattice term Ce with the Debye temperature e, (2) the
vacancy term C with the vacancy formation energy 0, (3) the exchange
term CJ with the exchange energy J, and (4) the residual excess
specific hea- Cx whose origin is not given. Each of the first three
major terms has a functional form f(c/T) where a-e, * or J. Then the
generalized Mie-Gr~neisen equation of state reads

C - , ( 2 )

where V is the volume and y, W -d lnQ/dln V. For simplicity we neglect
the exchange term which is appraciable only below 0.1 K. After several
thormodynamical manipulations with an assumption that the number of
vacancies does not change by the sound wave we obtain an expression

for the adiabatic bulk modulus:

a 0(T) -'0Ioe- e + 1)JfC0dT + 4(v-Y + 1) fC dT (3)

- B1 + B2 r

. . ,
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where Y.= d in Y,/d in V and we set Y. = 0 for numerical estimations.

As the bulk modulus is a linear combination of the elastic

constants which in turn are related to the sound velocity, the rela-

tive change in the velocity can be written as

B BA_ Y =k J.+ g (4)

0 0 0
where k and £ are adjustable parameters. B0 , B1 and B2 are calculated

from the data of the specific heat
4 ) and the elastic constants.

5)

Equation (4) is then fitted to our velocity data. The curves in Figs.

1 and 2 are calculated for Z=-0.51 with k =31 and R=-0.55 with k=

2£, respectively.

Equation (4) is physically more reasonable than eq. (1): As the

bulk modulus increases and the longitudinal sound velocity decreases

with temperature, the shear modulus in the isotropic approximation

should decrease. A simple interpretation of the second term in eq.(4)

is then that the shear modulus is decreased by vacancies because there

are no bondings at the vacant sites. As for the first term, the pre-

sent values of k =-1.53 and -1.10 are comparable to those obtained for

hcp 4He (-0.8%-1.8).

In conclusion, the contribution of vacancies to the velocity

which was not considered by Wanner et al. should be taken into account.

We thank R. Wanner for useful discussions.
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MEANS SQUARE DISPLACEMENTS OF A SUBSTITUTIONAL DEFECT AND ITS NEAREST

NEIGHBOURS IN KI

S. Duraisuany and T.N. Haridasan

School of Phyaioa, Maurdai Ezmnrqj Univeroity, Madurai 625021, India

'- The means square displacements of both the cation
Adaion substitutional defects and those of their nearest
neighbours In K are calculated in the frame work of a
scattering matrix formaLlisme. Our results show that ho means
square amplitudes 01 t;le defect atom such as the Rb in X4
is much larger than the value of Rb in RbI as also of K
in KI. The means squarp displacements of the nearest neigh-
bours in the defect environment are not that significantly
altered from their values ir the host crystal envireament.The
other salient features obserm.d from our calculations are
also discussed.

l.Introduction.- Eventhough many aspects associted with point

defects in alkalihalides are well investigated both theoretically

and experimentally in the past, the means square displacements of

point defects and their immediate neighbours are net explored that

extensively so far. In this paper we report the results of our

investigations on the means square displacements of ba,Rb*,01- and

Br- impurities and those of their nearest neighbours in KI using i
the lattice Green's functions in the scattering matrix formalism.

2.Method of Calculation.- It in well known that the impurity modes

associated with a point defect in am alkalihalide is given by the

solutions of the determinantal equation I-g(L) $1(WU) 1 -0
for various Ws values. However following the same theory one can

formulate a scattering matrix and show that the matrix associated

with the scattered amplitude t, of the defect and its neighbours

can be written corresponding to the incident plane wave as1

UL = [ - - ] uj,

Here g Is the Green's function matrix of the host lattice in the

defect space constituted by the impurity and its first six neigh-
bours. f is the matrix desribing the perturbation in the ome space

due to the presence of the defect. So knowing j, g and the plane

wave amplitude u(qj) for the incident mode(q,j) one can compute

u ( and then obtain the means square amplitudes and the

Debye Waller factors as

*m~ J9~Memo
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B(K') V2CK>(3)

The elements of * matrix in the (21x21) defect space are available

from the early work on impurity modes2 .The elements of Sl matrix

are also available likewise. The relevant elements of g matrix are
evaluated using the phonon frequencies and ei envectors from a

shell model fitted to nuetron scattering datag. The Fl matrix
involve only one unknown paraneterAA,the change of force constant

between the defect and its first neighbour. These are fitted to the
experimental gap modes 4 . The values ofA A obtained are given in
Table 1. The u(q,3) are again fed from the shell model used in the
estimation of-g. Then using Eqs 2 and 3 < u2(K)> and B(K7

for the impurity ion and their first neighbours are computed.
3.Results and discussion.- The results of our calculations are
given in Tables 2 and3. The main conclusions are the following.

a) The B factor for the impurity is in general larger than the
corresponding B factor of the host atoms.For example B factor of

Rb in KI is more than that of K in KI .Also it is larger than that
of Rb in RbI.

b) The B factor of 4a in KI is greater than the B factor of Rb
in KI whereas for the negative ion impurities the trend is reversed.

c)The B factor of the first neighbour of the defect Is different
from the B factor of the same ion in the host crystal environment.
However the difference in these two B factors Is not that prominent.

d) The occurances of possible resonances in (I- )-1 may be
responsible for getting larger B factors for the defects

In calculations such as diffusion where the Jump frequeny

depends on the jumping atom(which is an impurity) and its neigh-
bourn one should employ these means square amplitudes. In the
absence of experimental results we hope that these estimations
would be of use to scattering experjmentalists to see how the

scattered intensities would be influenced by such defects.

Table 1. Change in force constant in KI

The defect Change In A in
unitsof 10 dynlslcm

C1" -0.111

Na+  -1.000

Rb+ 0.435
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Table 2. B factors of various defects and nearest neighbours

in KI at 300 K in unlts of A2

Defect B(Defect) B(neareet
neighbeur)

Rb+  5.*55 2.573

mae+  23.681 3.322

Cl- 2.979 6.427

r- 3.355 3.843

Table 3. B facotra In A2 for Rb in KI at different temperatures.

Temperature (B+ Rb i (B) 0I) i
eRb in KI I inKI:Rb

50 K 0.684 1.396 0.487 0.541

100 K 1.z65 2.076 0.885 1.014
150 K 1.867 2.891 1.302 1.501

200 K 2.475 3.747 1.724 1.992

250 K 3.085 4.622 2.148 2.484

300 K 3.697 5.055 2.573 2.977

l.Nazat Ln.A.A.,Nontr..W. V~eies.G.Rand Ipateva.l.P,

Tbhory of lattice dynamios In the harmenic approximtita,2 19d,
Academic Presa,Nework (1971)

2.Sebaatian.R.,Savariraj.Q.A. ,and Haridasan.T.. ,Phys.Stat.Solid,
91b, 371(1979).

3.Dolling.G.,Cowley .R.A.,Schittenhelu.C. and Thorson.I.M, Phys.
Rev 147, 577' (1966)

4.Kalyani.S. and Haridasan.T.M, J.Phys.Chem.Solla 28,9"5(1977).
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ANOMALOUS TEMPERATURE-DEPENDENCE OF A LO MODE IN LiKSO4

M.L. Bausal, S.K. Deb, A.P. Roy and V.C. Sabni

Nuclear Phijaice Division, Bhabha Atomic Researoh Centre, frombay, Bombay 400
085, India

Abtac. Ramn scatteriva measure menat* for LLICS04 over the
toorotrerange 200 K to 725 K are reported. The results

corroborate the occurrence of a phase transit ion at 700 K and
also exhibit two unusual lattice dynaical features vi5 an ivs
ted L0-TO splitting and an Increase in the frequanq' of a nrma
Wo with rise In temperature. A phonomnologi aUl explanation for
these features is given.

1. letroduction.- We had recent~y 1 established a subtle first ovder
low temperature phase transition in L11004(06'6-* 41) (at 201 K) using
9sa scattering masurements and we baye extended our measurements to

high temperature region mince additional phase 2rniin(,,0X a
been proposed for this crystal in the literature

In extending our measurements upto 7251 while we have found
evidence that a phase transition does occur around 700K, in addition,

we have found two Interesting features of vibrational modes in the
temperature range between the transit ion points (crystal arsty a
ftese features ame# (1) the Z0 frequenqW of a 92 mode of 304 appears
beo Its TO counterpart and (ii) the frequenoy of this 10 mode
ino-reases wift the rise In temperature. Minc these awe somewhat urn-
usual features we propose to discuss those In greater detail here and
except for a brief mention, omit the disc~usion of the changes portai-
ning to high temperature phase transitione

tn section 2 we describe experimental details and present the
spectra. Disame ion of the results and a possible explanation for the
10-TO frequenqW inversion and anomalous temperature dependence of the
3l(a0)12 mode are given in section 3.

2. 3xnerimental details.- Polarizsed Boma Spectra were reeorded using
a hown made 40 W e-Od laser and a grating double mosoijromtor'
with spectral bandpass of 3.5am n

For high temperature studies, we used a ooll, wherein the sm-
ple Is mounted machamioaWl and Its tbree faces are In contact with
ocppa So emmer uniflermia of temperature. the tesperature was
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monitored utng c copper constant
Y(Y)X unsoa, ' thermocouple and a proportional

temperature oontroller was used to
mintain it constant within A0.50.

The reported temperature values
refer to the temperatureof0 the

copper lok theaml mprtv
in. somewhat lower (by -10K at 6001.

.5. l,.ults end Discussion.,- Pig. 1
shows the temperature dependence

* - (21015K) of Y(2!)X and Y(XZ)X
spectra owr the freqteney range

2 L __ 2 400 0m 1-520 oi "1. )It, and )2

jiw&.label modes involving predominantly
,L J ILi traslation andL 804 internal

• t.uacvkm4) vibration respootively. Further as
Raman speotra, at different is often te case with Li ealtsthe

temperatures for two orientations. Ionic oonduotivity increases consi-

V JLo) derably with the rise in temperaturq
Nc the former mode oa be eipe oted

T vo broaden more rapidly with
. Increasing temperature. he assign-

:- s-ent of 0 modes In Wig.1 Is based
on this premse and is different
from earlier assignments. Pigo2

shows plot of frequencies versus
nA44r& V(1) temperature. ote that for the 2

mode 0- ! splitting is Inverted,

200 400 in60u0est
TEMR(K) udi & picture of two nearby ose/1-

F requncvy variation of modes .stezw where one of them osraod a
Of ri.- Iwith m rature.

!%no- 0 le2eotie tv*tionvalid i t*Me

*, : fte&.nI,1

oP) -0 41 " 1r ,0)

oi nb nW frequenAi les btnoed frmlao

]%&IDependence of 0 frequen- seee of oqb.(1) for a glm set of
010j on 51 A 82. Input TO frequ- TO freenes so osellator00010s are also shown.
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tr n gtO 81 and 82 ae given in Table 1. Hiraishi et a14 give values

of a, and 82 ftom an anlysis of their room temperature 32 reflection

spectra. he values chosen by u at 2101 are close to theirs.

Ow most notable feature about temperature variation of various

modes (Figs. 6&2) Is that both ALWiO) and 9 2 (00) converge towards 4(O)
as temprature is inoreasedl the former deoreases by 17om- whereas

the latter Inorease@ by 6ol- 1 over the temperature interval 210K-420K.

This behaviour can be quantitatively reproduced using eq.(l) assuming

a decrease in the value of 52 from 0.065 to 0.015 (Table 1). In eqn(l),

the damping has been neglected and to that extent choice of the initial

values of 81 and % In somewhat uncertain. A glance at 1ig.3 clearly
shows that for predicting the observed relative shifts of P2(0) and

t.(O),82 has to decrease with increasing temperature, irrespective

of the uncertainty in the inittal choice of 5 and S 2 . Variation of 81

keeping 82 fixed leads to simultaneous increase or decrease of both

*2(LO) and Ot,(L0), whereas experimentally 92(W) Increases nd 1tr(LO)
decreases with increasing temperature. At still higher temperature

(> 4201) LI modes can not be traced experimentally but 92(M0) moves

progressively closer to 9 2 (T0. Since the 92 mode is IR inaotive in the

free ion state, this continuous decrease in the oscillator strength

implies that the 804 distortion (from tetrahedral shape) diminishes

with increasing temperature. Across 700K changes in the Raman spectra

occur over the entire frequency range. Purther, the widths of most of
the modes change abruptly across the transition point. However, am the

widths of the peaks are rather large (FN even as much as 40om7)

detailed examination of the transition by Raman scattering alone,seesu

unfeasible and other techniques may be neessary for elucidation of the

transition.
Table 1 Observed and calculated LO frequenaes (Lan C-)

210 440 4 s-0.50

4.66 400 480 82- 04o065
o 408 446 81w 0.5o

klau ..*- 1,. ., Deeal., *.L,.b,A.?.Py & V.C.Sahoi,
501. St. ou., , ,.1047(1980).

2. D.P.S-arma,, .P wsPa,7 and referenoes therein.
3. .E,.sal,P.R.ao,V. 0lahu & AJ..Roy, !nd.Jhys. ,,l99(l976).
4. J.,ratsh I TMani*k end K. !SfhashI, J. M. nIj.

1. __ ___4.
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A GREEN IS FUNCTION STUDY OF THE U CENTRE IN BaCiF AND SrClF

K.R. Balasubramanian and T.M. Haridasaa

School of Physics, Maduaai Xwaqj University, tadurai 625021, India

Abstract .- A Green's -,unction investigation of the localized
and resonant modes due to U centres in the tetragonal BaChF
and Sr~hI' crystals is made for the first time.The lattice
Gkeen's functions are Computed using the normal mode. and
elgenvoctors obtained an a shell model which explained the iong
wavelength phonons satinfactorily . The U centre has D21 point
symmetry and the relevant matrices are blockdiagonalisea
group theoretically. The U centre modes come under E and B2reprosentations.The force constant weakening to fit the
experimental I mode is 24% whbreas for the B,2 mode the
weakening is only 12%. These are compared with earlier work
on molecular model and on the U centres in fluorites. the
Sossible phonon resonances are also examined and he possibi-
ity of their experimental detection Is discussed.

1.;ArodU!A0.- Jumeau 1 observed experimentally the localized
modes due to - ion substitution in the tetragonal crystals of
i!,otlF and SrClP .It was establifhed that the II. ion enters the P
iin site .As it is customary to denote this point defeat as U centre
An alkalihalides and flourites we shall label this centre In these

2
crystals also as U centre. Kalyazi et a.employea a molecular
model to account for these modes. Since the lattice dynamics of
these crystals has been discussed recently by the present authors'
on the basis of a shell model ,we thought it worthwhile to use a
Green's function formalism to investigate these looshised modes in
BaClP and SrCII. We shall r*pot the results of such an Investi-
gation In-this paper.
2. "wr. The localized medes, due top1oint defeat are obtainable
from the solutions of the detereinsata. equation I I-g(W~)(l(W4f -m
by seeing to which valas of W this condition InsSatisfied. Here
00i.) is the Lattice Green's function saftix .of th. heat lattice
in a partiti 1,a pace -constituted by the U, oab and its
Imnmedia~te nevighbours with which It imteriao directly, l(w ) ise the
matrix donating the fares coms tent ohearg. So leaowing IL and $1

' as functions of60 we am use the above evIlerion to obtain the
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defect modes. In the present case of BaLAF and SrClF ,they are

tetragonal crystals with six atoms per unit cell. The dynamics

of these crystals have been inveataated by us on a shell mod el

where the parameters were transferred suitably from corresponding

parameters of SrF2and SrC1? .Such a model explained the long

wavelength optic phonons fairly well. We have used this model to

work out the phonons and Their polarization vectors at 1000
wavevector points in the Brillouin zone and these data are used in

the computation of the relevant Green's functions.

i we look at the U centre it is surrounded by 4 Sr++ions

as first noighbours 4 F- Ions as second neighbours and 4 C1- ions

as third neighbours. It is fairly realistic to assume that the

change in force constants happens only uetween the U centre and

the first neighbours. Thus g and L1 would be of dimension (15x15)

But since the U centre has the site symmetry of d the following

irreducible representations are possible.

2 A314 A2 + 3B2 + 43

The U centre modes come under the 2 and B2

Using group theory both the ja ndaL matrices are blockdiagonalized.

The S1 matrix involved only one unknown parameter AAwhioh

represents the f9rce constant change between the U centre and its

first neighbours .

3. cM jgsjltg.- The relevant determinants of the

3 and B2  bloeke are calculated for various W values for a specifie

percent change of the force constant change (Al/ A). The value

of W for which the 4etersimant vanishes is picked. This is repeated

for different percentage of the fece censtant changes. A graph

between the percentage of force constant change and the value W
-For vanishin determnat Is drawn and from this the percent&b

change of force Constant requized te fit the experimental local

node frequency is obtained. The peroetaes force constant soft-

cuing to fit the local mde under I rpocgentatLon cas up to I
be 24% whereas the corresponding softening for the D2 nods was
only 14%, We had exteded the defect spece to inelude the second

ma third msighbors Is wbmequet eaueulatios. Ue tread of
the results even with th eadeed sme zaemaim the bms. the

force costant weakinalg ebained a th present calculation is

smaller than obtained by lalomi et -4 la thir n eisulr saodl
oeaclatIOm ,but a"e of Wo se raW as obtalsed by Be and
Virtshir 4 for the 0 ovawe ft flo its * Cup lU M P 'etio"
that the foze oem tmt ettemiL ebtaind fete X moda dm not
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explain perfectly the B2 mode and vice-versa. It is felt that one

should obtain the relaxations of the host atoms 6ue to the U centre

first and try to incorporate these relaxations in future calculati-

one for obtaining force constant softening in order to explaim

the E and B2 mode simultaneously to the same degree of accuracy.

However.such an investigation should await until more refined

and realistic potential functions for the interatomic interaction

in such crystals emerge. Nevertheless ,with the present force

constant weakening obtained from the localized mode studies the

resonant modes undervarious Irreducible representations are

also computed. Tho condition of vanishin determinant followed by

the estimation of the widths of such potential resonances gave us

the following results. No resonances could be obtained for the

Al.A2 and Sl representations. A resonance at 281 cm-1  was

obtained in SrClF for 24% force constant weakeninu Lnder E rtpre-

sentatlon. The corresponding resonance In BaClF was at 257 cm

for both L,4% and 1,-% weakening. A low frequency resonance 4t
25 cm I we also obtained for SrClF alone with 24% softening

under the D2 representation. At preaent thereis no experimental

datoa for comparison. Howeverthe present estimation would

give the region where one should look for such resonances

either by optical spectroscopy or nuetron spectroscopy.

Reforen~lf. 1
1. Jumeau.D.,J.Phys.Chem.Solids 11,465 (1976)

..ralyani.S,Ksridasan.T.M. and Krishnamurthy.N,. Proc. Interat.

conf on Lattice Dymsaics(Flamnarrion) p409 (1977)

3.Balasubramanian.K.R. and Haridasan.T.M, J.Phys.Chem.Solids

In press(1981)

4.ayes.W, and Wirtshite.L.C.K, J.Phys.C.(Solid state),

6.1149 (1 Y.

*l>~7-



JOURNAL DR PHYSIQUE

Colloque C6. mipp4ment au n 12, Tome 42, doembre 1981 page C6-908

PHONON DISPERSIONS IN CALCIUM TUNGSTATE

N. Krishnasurthy and K. Kesavasamy

School of Physeics, Mddzai Kowwj Univerity, Mdurai, India

Stt - External mode formalism Is applied to study phonons in ow . The
efftve Ionic charges of the coulomb interactions and the effective Ionic

rdiI of &WrmkYa r shorttmnge potential arm determined so that the dynamical
.quilibrl ocditios at* satisfied ad lattice energy is of right order In
comparison with other cowmplex ionic crystals. Th Calculated phonon diaper-
sion relatioms along [00) a I( ldlrections are in reasonable agroesnt with
the neutron data. The generallsed IB relations computed with our model
agree with the IR data. Zone centre pbonons n few other scbeelites ae also
Investigated and compared with experimental data to study the Influence of
plaioabillty and a possible breaMown of exterma mode formalim.

I. todutlem,- Oa04 beleng to (4*h) with two formula gr ups In the primitive
cell. The optical ad noutan data am avallable'. Elastc properties have been
studied emerlmotally sad theoretically with Stelnan et al's model paramters 2 .
On the theoretical aspects of Vhomos, Yksnamori et al. .tudi 3 the tlosal
modes alone, gnoring the libratios of tungstate iee and long range coulomb inter-

FIg. 1. Ptonon Dispersion along (00q) Fig. 2. Phono Dispersions along (qqO)
Theoretical - 8g, -- -- , .... - 0 ih ,o. tioal -*-*- 2 s -

hperimtsL 0 Bgs 6 X60 4 Ag UporLMental 0 Woustieall 0 optical

ii ......... ...

.,--- - -

' , 7 -" _ _lee-

Q K~

1A.
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actions. We take into account the inertia of ungstate ions, the long range Coulomb

Interactions In our computations based on the external node formalls 
4 .

2. Yodel and Results,- Following Po mt al. 5 we employ Born-Ner shortrange poten-

tial, in addition to Coulomb potential.

I Z2 e 2  
[-1.6 r1 2

V(r 1 ) 1" r12 + a exp I.(Rj R2j

where a - 1822 *V. The ionic charges and radii are the parameters of the model.

For Ze . 1.55, Z, - 0.33 and -0.471 % a - 1.501 N - 0.80 and R0 - 1.75, it is

found that there is a reasonable balance between long range and shortrsnge forces to

satisfy dynamical equilibrium conditions and the cohesive energy Is of the right

order (-30.2 eV). With this set of parameters the dynamical matrix in solved, using

grou theoretical expressions.6 for points along (OOq) and (qqO) and plotted In Figs

1 * 2. In both directions all branches are explained satisfactorily, except the low

Bg mode. This is understandable, as rigid ion model usually predicts a higher value

for the frequency of longitudinal optical mode. The generalised LST relations6 are

also reasonably explained with the roment model. The ratios of static dielectric

constant to high frequency dielectric constant are 3-09(2.77) and 2.97(.06) for

qjjc and qub respectively where the experimental values are given n brackets.

In view of the reasonable success, the model is applied to study phonons in other

schelites and the results are compiled in Table I. We find that the phonons in

most of the soheelites can be explained satisfactorily excepting those in PbWO4 and

Pb~oe0j presumably due to ambiguities6 in the optical data in these crystals. From
the Jnowledge of polarizability of the ions6 and external-internal nodes separation I
we conclude that any further refinement may be possible only In SriO. and SrNoO%,

as both noninclusion of polarisability and decoupling of extetnal-internal modes

are not serious n these crystals. It is believed that this report will be, parti-

cularly, useful for the measurements of phonon spectra in (qqO) direction of CaV0.

One of us (KK) thanks CSI (hdia) for the award of a Senior Research Fellowship.
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THE DIELECTRIC FUNCTION MATRIX AND THE LATTICE DYNAMICS OF KC1

M.A. Ball and W.N. Leung

D.A.M.T.P., University of Liverpool, Liverpool L69 3BX, U.K.

Abstract. - The RPA dielectric function matrix of KCL is calculated with a model in
which the valence band consists of p-states on the C1 atoms and the conduction bands
are either (i) a single 01 band or (ii) two OPW bands. Local field effects are
approximately included. Results for the diagonal, some off-diagonal elements and
the effective charges are presented. The long-range parts of the dynamical matrix
are got from the calculations; the short-range parts are obtained by fitting to the
transverse frequencies.

We report some model calculations of the dielectric function matrix
e(q + g, q + g') of the ionic crystal KC1, including results for the diagonal and
some off-diagonal elements. We also show how the dynamical matrix can be expressed

in terms of these results.

The dielectric function P is given in the R.P.A. by

c(q + g, q + g') - 6 - -4we2  2 1 (# lkexpf-i(q + g).r ]1* q)
- Tjq + gl

2 
N k,nl,n 2  ." l +

+ exp[i(q + g').r] ,n j k ) f n ik  + q fCl)-*n + q 2k" (1) 0
nk + q E n2k

where the sum is over the first Brillouin zone and the occupied and unoccupied bands

n2 and n1 respectively. The most important of these bands are the uppermost valence
(p-) band and the lowest conduction band. Fry /1/ and Lipari /2/ use for the
valence band tight-binding wave-functions with p-like states centred on the C1

atom.

#,,Cr) -i emp(ik.R iU (r -U) (2)
M j - jpm- _j

U (r) - ((28)5/24)1 rexp[-dr] (3)

The exponent 6 in U O(r) is a parmaer.
For the conduction band energies and wave-fmaetiona two separate sodelk were

used: -

(i) Only one band was considered, this being a parabolic (a-) band derived from a
single orthogonalised plane wave (ONS)

£ (k) .0. .. (4)

*~Ctr) (a '.~/(NT) ~ j hIkr))II~k) (5)
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where N(k) is a normalization factor and p mis the orthogonalization coefficient.

(ii) In this model two bands (6.- and d-) were included;-

*sk = k,g* ck (r) + 5 k,g 1 c(k + g) (r) (6\

*dk - k'g ckQck kg ~c(k + g)(()

The reciprocal-lattice vector g in (6) and (7) depends on k.

Tight-binding expressions were used for the energies and the coefficients a and 0

were determined by fitting to these energies. The advantage of this mLjel over (i)

is that it takes Brillouin Zone boundary effects into account.

The energy parameters in (i) and (ii) were determined by fittiag to the energy-

band calculations of Kunz /3/. The dielectric function c is then calculated by

numerical integration over the first Brillouin Zone. This is more realistic than

the procedures of Fry /l/ and Lipari /2/.

To invert the dielectric matrix, the following approximate formulae are used:-

1/Etl(q,q) - £(q,q) - (q~q + g)e(q+ g,q)/t(q + g, q + g) (7)
g

e_1 (q~q + g) - -e 1 '(q,q)£(q,q + g)/c(q + g. q + g) (8)

The parameter 8 in U PO(r) is determined by setting 1/c-1(0,0) equal to the experi-

mental value. As the second term in (7) incorporates some of the local-field

corrections, our calculation does include these approximately. Using 52 reciprocal

lattice vectors, these corrections change the results by approximately 6% and 7%

with models MI and (ii) respectively. Some of our calculations are presented in

Figs. 1 & 2. In these exchange and correlation have as yet been neglected.

"i exp(-iq,).s .q+g) q - t /4(*,ox)

0404 0400.. . . . r e'.r
S. '- ___________________________________

S., mndd . -

ADtjp .Io~)j)

4.,,

r

Wig. 1 Of f-diagonal elements 11iS. 2(A) c(q~q):(B) (q)+
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A sensible test of our calculations of c is provided by the lattice dynamics.

The effective charge tensor zeff (K) of an ion of type K is got from the q-O limit

of Z(q,K), the effective charge vector, where

-(q~q + g)

Z(a') - (qaW(q,K) + " - +_ W(q + g,i)(q + g) exp[-ig.R()l (9)
v(q) g C-l(q,q)

and W(q,K) is the unscreened pseudopotential. As a first approximation this has

been taken as -Z(K)v(q) with Z(C) - 5 and Z(K) - 1. Our calculations give

zeff(ck) = -.96(i), -1.24(1i) and Zeff(K) - 1.21(i), 1.20(11). These results

compare favourably, considering the approximations made, with the experimental

values of ±1.123.

The dynamical matrix is

D (q;K,ic) - M exp[iq.(R(c) - R(K'.)]Z*(q,"')Z (q,K.)v(q)r-(q,q)
Qa T - L. a.

+(T .(q;,K') - S,6.. 1, *.(0;K
K ')) (10)

in the notation of Sham /4/. In (10) the first and second terms represent the

long- and short-range effects respectively. The latter can be described by the

Lorentz field effect and some short-range force constants. These determine

completely the transverse phonons, which can almost be fitted with two (the

nearest-neighbour) parameters and can be fitted to within 5% by using 5 parameters.

At present we are trying to calculate the longitudinal frequencies using the

above short-range forces and our calculated values of Z(q,K) and C-1 (q,q). We have

added a small constant to Z(q,CI) to ensure that the acoustic sm rule is satisfied.

At small q our results are reasonable but at larger values there is a large varia-

tion in Z(q,CI), giving rise to imaginary frequencies. We are investigating the

causes of this.

/1/ Fry, J.L., Phys. Rev. 179 (1969) 892.

/2/ Lipari, N.O., J. Chem. Phys. 53 (1970) 1040.

/3/ Kunz, A.B., Phys. Rev. 175 (1968) 1147.

/4/ Sham, L.J., Dynamical Properties of Solids 1 (1974) ed. by G.K. Horton
and A.A. Maradudin (North-Holland, Amsterdam).
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CALCULATION OF DEFECT ENTROPIES IN IONIC CRYSTALS IN THE QUASIHARMONIC

APPROXIMATION : APPLICATION TO FLJORITES

P.W.1. Jacobs, M.A.H. Nerenberg, J. Govindarajan and T.M. Haridasan

universityg of western ontario, London, ontario, Canada N6A 5B7

1. Outline of Theory The dynamical matrix for a crystal containing an inter-

stitial can be written in the form
L - 61 A1.- A(1)

T A

where L is the dynmical matrix of the perfect crystal, A is that part of L that

refers exclusively to the interstitial and A is the matrir. that connects the inter-

stitial coordinates with those of the rest of the lattice. AT is the transpose of

A. 6L is the matrix that describes the force constant changes which occur because

of the relaxations of the lattice ions due to the presence of the interstitial.

The Green matrix E - may also be written in partitioned form like that in (1),

whence it may be shown that the determinant of 6 is

I =  - Gi-G 8L' 1I G 1I A I-' (2)
where 8L' = 5L + A A-' AT and I is the 3W x 3N unit matrix, N being the number of

atom in the crystal. Since static lattice calculations show that relaxations of

the lattice ions are small except for the first and second neighbours, the non-zero

elements of SL will be restricted to a small sub-space comprising these n ions that

are perturbed appreciably by the interstitial. It then follows that

I I-GaL,' I - gI-ss'l (3)

where I on the RS of (3) is now the 3o x 3s unit matrix.
611 - 61 + A-' sT (4 ) '

where

A -I

and the dimensions of the matrix a are 3n x 3.

The entropy chan.. associated with the introduction of an anion from m into an

interstitial position in the high-tmperature approximation may then be written in

the form
$I  #; 11m ' I I - g6' I + 3k (1 - I.n (h,/k'T ) (6)

where WI is the hypothetical frequency of vibration of an interstitial in a lattice

in which all the hot-lattice ions are frozen at their (perfect lattice) equilibrium

positios. In similar fashion the dynamical matrix of a crystal with a vacancy is

Lv Lt " 89 (7)
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where Lt is the dynamical atrix L of the crystal without a vacancy, truncated by

removing the three rows and columns belonging to the ion which is no longer present.

St is the matrix of force constant changed due to the relaxations of the ions caused

by the vacancy. It includes as well the changes in the "self-term"s of the Ions

because of the removal from these sums the contributions due to the ion which has

now been removed. By partitioning Lv , and also the perfect crystal dynamical matrix

L, into blocks such that one of the diagonal blocks of L represents the 'defectv

space' (that is those ions that are perturbed by the presence of the vacancy - in

practice this means its first and second neighbours) and the corresponding block

of L represents the defect space-to-be (including the ion that will become a

vacancy) it may be shown that the entropy change associated with the removal of a

lattice anion to o is

%v - -k n tim {a s I g I( &')t - St I (kT/h) 6 1 
- 3k (8)

The entropy of formation of a Frenkel defect is thus given by
SF - si1 + a v

- - k In tim (I I(S')t -Sdji- 6t1m 3~ W6  ()V ( 9)

In these expressions a_ is the mass of an anion, Sv is the perfect-lattice Green

matrix for the defect space-to-be and (k-1)t is the truncated version of the

reciprocal of gv (that is, with the 3 rows and colues deleted that correspond to

the ion which is to be removed when the vacancy is found). We may not multiply out

the first product of determinants in (9) since the operations of truncation and

inversion do not, in general, commute.

2. Calculation The necessary Green functions were evaluated using shell model

parameters fitted to the experimental phonon dispersion. These parameters were

taken from the work of 1lcombe and Pryor' and Elcombe . For the calculation of 61

we require the coordinates of the ions in the imperfect crystal which were obtained

from the SAMS program. The ehmages in the short-range interaction were restricted

to second neilhbours, but in the calculation of the self-terams in the U1 matrix,

it m. necessary to ensure that each ion had its full coplemment of first and second

neighbours, even though these neighbours might lie outside the defect space. The

short-range force constants were calculated using the two-body central potential of

Catlow, Norgstt and loss* . The change in the coulomb interaction was caltulated

only between the ion at the origin (which later bec the site of the vaceacy) and

its first ed second nmeihbour (lenedek') ,. The defect space tooprising the inter-

stitial d its first sad second mighboure consisted of 15 iolw, but 95 ion had

to be takes into acmat while calculatiag the diagonal terms of 6L. The chmage

In the coulomb force between the interstitial and only its first sad second neigh-

bouts was imcluded. Additionally, the prantee'of tha itrstitial Is felt through

the term a A aT , ieve A was calculated fitr the salf tftn 6f the lttstetitial.

The calculation is a questbas al ot Is tIMt the aetQl latti~e ptrater at

each T as used In determining the relaxations of the ions. The Green matrix at,

each T wam obtained by a sealing procedureg. This calculation yields an entropy of

_ _ _ _ _ _ _n__
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Frankel defect formation at constant voiins, 4. for comparison with experiment we

need the corresponding entropy at constant pressure op.* Since to first order in vp,

the volume change on forming a Frankel defect at constant pressure. the Gibbs energy

change Sp is equal to the Helmholtz energy change fY? op Is related to by ov by

op - av...Qfv) 0 PV (10)

where v is the volume per molecule (-2r!, r. being the 77 e an distance) and OP the

expansivity. Since both the ener y and entropy of defect formation at constant

volume uv and a v are determined by our calculations, fv and sp may be found and

compared with experimental values.

3. Results

Cal2  T/K 300 1000 1500

sv/k 0.73 2.88 5.30

8Pk8.83 13.30 18.42

SrF 2  T/K 300 600 900 (1200),

a /k 4.49 3.64 3.34 (2.97)

sPIk 5.74 5.68 5.28 (4.15)

a'ased on extrapolated values.

For Cal28 the mean calculated value of sp in the range 550 - 1000 K is -/0k.

and the experimental value of op Is about 5 k.iOFr Sri2 op (oxpt) - 4.1 k in the

range -570 - 1100 K, and the calculated value of sp is about 5 k. The quesiharmonic

calculation depends critically on a knowledge of the temperature dependence of the

lattice constant.
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LIBRATIONAL MODES OF WATER IN CRYSTAL HYDRATES AND PHASE-TRANSITIONS

M.B. Patel and H.D. Dist

Department of Physics, Indian Institute of Technotogy, Kanpur-India

Abstract: Temperature dependence of infrared active librational modes of water in
polycrystalline N(Cl04 )2 -69SO (= fg and Zn, respectively) shows phase transitions
at 225.5, 193 and 110 X in the former and at 284, 256.5 and 2331 in the latter.

1. Introduction. In the isomorphous metal perchlorate hexahydrates I of general

formula ?f(CI04)2,6H20, where Of, Fe, Co, Ni and Zn; the Niissbauer 2 '3  magnetic

susceptibility and anisotropy , and EPR5  studies have revealed that these

system undergo one (or more) phase transition(s) between 80-373K. There are two

different views regarding the change in the perchlorate crystal structure at the

phase transition (PT) below room temperature (RT). According to Nispbauer
2,3studies2 , the water octahedron ourrounding the metal ion in the crystal is

trigonally stretched at higher temperature (HT) and it becomes trigonally com-

pressed at lower temperatures (LT) after the PT. According to Choudhuri 4 , the
water octahedron trigonally stretched at HT becomes tetragonally compressed after

the PT, thus involving a structural change. However, KPR studies5 show supporting

evidence to one or another view point in the same series below and above RT6.
Ross has reported the fundamental modes of C104  ion in various anhydrous and

hydrated perchlorates.7 No data are available for librational modes of water in

hydrated perchlorates, except LiCIO 4 *3RO
8 and Zn(ClO 2 .6H2 09. We have under-

taken the study of water modes in perchlorates with a view to understand the

dynamics of PT and the relative significance of polyatomic anion@, water dipoles

and cations for affecting the PT.

2. E Ngl "g(ClO 4)2 -6E20 (W=) is prepared dissolving magesim
carbemate in dilute perckloric acid and purified by reported procedure . Infrared

spectra at IT and LT were taken by the XBr pellet technique using a Perkin Elmer

50 spectrophotemeter and Specac variable tempeature call fitte4 with its

automatic temperature control umt. The relevant bmds are reported in Itble 1.

3. Results and Discussion. The Vibrational assignents are based on: (1)

comparison of hydraited (RT & IT) sectra and anhydrous NM (Table 1A) showing

that the bands at 602, 485, 423, 380 & 360 cm are the bands due to water

molecules and at 640, 630 ( ) and ,.7 , (.) that of ,O4  lies (II) O1. bands
at 602, US, 423 and 360 €i are assigned as rocking (l), wagging (V), twisting

ell



C6-918 JOURNAL DE PHYSIQUE

TABLE 1. Observed bands in the IR spectrum of (A) hydrated and anhydrous and

(B) partially deuterated magnesium perchiorate.

() Hydrated Anhydrous Assign- ()Partially Deuterated Assign-
LT RT lIT ment IT RT Sent

9(1) I V(cu_ I) I V(cm 1 ) HO H OD D 20 112 0 HOD DO2

360 40 356 23 11-0 360 351 345 355 -- -- 1-0
380 21--------- -0 wO 380 375 370 -- - -Now
423 31---- -------- T w 423 382 290 T- -- - T

457 13 _ -- 461 Vp 485 450 335 470 445 330 W
485 100 470 100 -- 602 523 420 605 505 423 R
602 85 605 73 -- R 1633 1441 1208 1634 1442 1209 92
630 26 630 18 630) V 2240 1945 -- 2242 1950 -- vz+R
640 25 640 16 639) V4

(T) and 11-%,, respectively, on the basis of intensity (1) ,sequence of frequency

(9) 8, frequency shift on partial deuteration a(Table '13), expected 11-0 wvibra-

tion 10of transition metal-aquc complexes, and (111) a n~ew criterion using a

combination band (of the bending & rocking modes of bound water) at 2235 cm-

corroborating that the 602 cm 1 band is due to the R modes of Vater. Similar

studies were made in ZPIII and have been discussed earlier9.

For Structural studies of MPU isotopic dilution tech-

nique was used. Figure I shows the bands due to 0D
stretching fundamentals of isotopically dilute O in MEFE

in the temperature range 303-100K. Between 303-100K the six

303 K water molecules are equivalent, confirmed by the single
246K bending mde. The shoulder appearing at 225.5 1 1.51 in the
227 K 00 stretching modes that the water molecules are distorted
22&.K 12
M 9 K due to non-equivalent hydrogen bonding, as a result of

153N which the space group of MWl including hydrogen is no more

126K C but one of the lower Symetry. At 193 t 11 the water

its Kmolecules are distorted further, due to the weakening of oft

IUK ! hydrogen bond. The peak intensity enhancement at 110 1 31
and width comidewmUtoms tapoget a pos itional ordering of

Ihydrogen oam is the system. The T mode sham similar

behaviour as the, CD stretch. The Pr at 223.1 is being
Sreported hews for the I fiLut time. 2 's hugsest staiy showm

hat W3 the PTSi We or hiohe eder.

Figere 2 Shown , Ow bands in (A) stretchimg and (3)

~ bending, rogions of voter is UM in the temperature ramp

; It1:Temeratur d euedenc.of 011 stretch of UO in partially deuteratad
%002-61V ~ ~ i (4o"S dl&' .W
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305-123K. Detailed study of the variation of inten-

123K sity, and full width at half maximum intensity
-' 223K243K (FWHUI) with temperature in the bending region (Fig.

SS.SK 3 ) broadly corroborates the discontinuous changes

0 depicting the PT at 284, 256.5 and near 2331.268x

/1 273K Figures 2-3 show that (I) minor chses are taking
283K

Z 293K place at 2841, which indicate that 2nd or higher

order PT is taking place. This observation may be
(A) (a)

-- -- 1 (- attributed to the axial compression of water mole-
FREQUENCY (c. I) cules resulting due to distortion of CIO4 " ion 3 in

Fig. 2: Temperature depend- crystal hydrates, below 284R, without structural
ence of the (A) stxetching 12
and (B) bending nodes of change, (II) the sharp changes at 256.5K indicate
water in Zn(CIO4 )2 *612 0. that 1st order PT is takiag place; changes in band

shapes (Fig. 2) indicate that structural change 1 2 is
-MO MM OF WARM 4

taking place. Our observations support that the

space group C7 of ZPHH at HT changes to space group
C5  below 256.51, which is consistent with group

2h
, - theoretical calculations and experimental observa-

Iftions 1 3 in tutton salt having the same octahedral

aquo-complex, (III) the discontinuity in between

I 243-223K shows that this PT is 2nd or higher order.

The change in NWMI in the stretching region indi-

6W cates that the PT nar 233K is order-disorder type. 1 4  _

Fi. 3: A plot of (A) 4. Acknowledgement. E. D. Bist expresses sincere

relative intensity vs. thanks to Professor J. R. Durig for kind hospitality
temperature (solid and facilities provided during finalization of the
line) and (I) FiI vs.
temperature for bend- manuscript.
ing node of water in,
Zn(C0 4)2 612 0.
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BRILLOUIN SCATTERING IN SILVER HALIDES

T. Hattori, T. Imanishi, H. Kvrokava and A. Kitsuihi

Depatmet of Applied Phjsics, Osaka University, Suita, Osaka 5665, Japan

Abstract.- Polarized Brillouin scattering spectra in AgBr and
XgC Crystals were measured in the temperature region from room
temperature to liquid phase temperature above the melting point.
The anomaly that the acoustic phonon frequency shows a marked
decrease at high temperature cannot be interpreted by a quasi-
harmonic approximation. The discussion is given on the relation
between the anomalous features and the increasing Frenkel de-
fects.

1. Introduction.- It is well known that silver halides show an anomaly

in ionic conductivity[l], lattice constant[2], specific heat[3] and

others at high temperature. The anomaly in the elastic constant C11
of Ag r was observed by using an ultrasonic pulse technique[4]. It is

generally assumed that this anomaly is associated with Frenkel defect,

but there seems to be no detailed discussion. In order to study the

anomaly in the case of AgB, and AgCl, polarized Brillouin scattering

spectra were measured in the temperature region from room temperature

to liquid phase temperature above the melting point.I V
2. Experiment.- Spherical single crystals of AgBr and A/Cl were grown

by the Bridgman method. The orientation of crystal was deteTmined by

the observation of the etch pits and was checked by a Laue X-ray tech-

nique. The crystals were cut and polished so that the wavevector can

be transfered along <100> or <110> directions. After polishing the

crystals were annealed at about 3500C and then slowly cooled to room

temperature. The crystal for the optical measurements was located in

an electric furnace with fused quartz-windows. For the measurements

at liquid phase temperature, the powder of Agir or AgC1 sealed in a

small fused quartz-tube in high vaccum was melted in the furnace.

3. Results.- Three modes, which participate in the elastic constants
1

C11 0 C4 4 and T(CuC 12
2 C 44 ), respectively, were observed in the pola-

rised Brillouin scattering spectra, which were measurei usia a triple

pass pressure scanning Pabry-lerot interfewemetot. The followiag

three values for those thxee m.sEs were obtained as a fumctign on tem-

perate: the value of the brillouia shift, the half width of the
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Brillouin band and the intensity ratio (Xt0m-'3m

(IL/I T ) of the longitudinal acoustic (LA) j a: :LAiCn)mod.

phonon to the transverse acoustic (TA) t Igiee 2'.

phonon. Figure I shows the temperature 0

dependence of the three values for both

C11 and C4 4 modes of AgBr. Both values

of the Brillouin shift for C11 and C4 4
modes decrease linearly with increasing E0*

temperature up to about 300°C and there-

after show a marked decrease to melting 'A O2 TAmode(C.)

point. Together with the phenomea " .

mentioned above, the value of IL/IT in- 00.1.

creases slightly with increasing tempera- Agr

ture up to about 3000C and then increases IL E---i-4-- 63248

rapidly as if it diverges at the melting 7

point. On the other hand, the shape of 10

each Brillouin band is a Lorentzian in s

whole temperature region measured includ- . .

ing the liquid phase, and the half width 0 o 0
f of 4xlO 2 cm-I hardly changes within ex- Fig.l Temperature de-

perimental errors. In the case of AgCl, pendence of LA and TA

the same phenomena as AgBr was observed. phonons propagating along
the <100> crystal axis of

4. Discussion.- In general, the frequency AgBr.

of a phonon (w.) is a function of tempera- 1
ture (T) and volume (V). Therefore, its derivative du) is expressed

as follows:
au) a .

dw3 " (i)TdV + C )vdT . .... (1)

Under the condition of the constant pressure, Eg(l) can be transfered

to

= -,yjwj + C ) ..... (2)

where, a is the coefficient of volume thermal expansion and yj the

mode-Grneisen parameter, respectively. In silvew halides, both
physical constnants of a and y, were obtained by Lawson et al.[2) 9nd

by Loje ot al.15), respectively. Therefore, we can c*21culate the

value of the first term of equation (2) as shown in figure 2 by the
symbol e. The second term of equation (2) shows the contribution of
the nharnomicity. It is assumed that the calculated value of the
second term is independent of ts~petaturo and is a cikhstaht, bectase
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0 the half width of each acoustic phonon

- band hardly changes as shown in figure

"' "' 1. Therefore, the calculated curve of
-6 o ,';o"
-s * Oo the equation (2) is as shown in figure

-10 - 2 by using the symbol A. This curve
-12 does not agree with the experimental
-14

curve at all. Namely, the anomaly
- 0Oothat the acoustic phonons show a marked

'-. o decrease at high temperature cannot be
-6 Clmrde °o o

-a C.-€(... . interpreted by a quasiharmonic approxi-

o - mation. And this anomaly was observed
.1 -? for all acoustic phonon modes. It is

A-o ' considered that the increasing Frenkel

2- C~moo defect at high temperature playes a
O . .dominant role in this anomalous be-

-2 havior. Therefore, the third term as
-4

04 90 (awi/N)(dN/dT), where N is the concen-

TempeWaIWe(CC) tration of Frenkel defect, is added in

F1 2: The comparison between equation (2) in order to interprete
tF experimental curve (solid this anomaly. The values of (dN/dT)
line) and the calculated ones
of the temperature derivative were already reported [6]. Because,
of the phonon frequency for the values of (aw./aN) cannot measure,
each mode. The discontinu-
ation of each curve at 290C it was taken as a fitting parameter.
is not essential, because it -1
is dueote act, tcate pt The best fit value is 1.5cm 1 . Andis due to the fact that we put

dw/dT to be constant at the then, the calculated curve is obtained
temperature region under 290°C
for convenience of the calcu- as shown in figure 2 by the symbol x.
lation. See the text concern- Therefore, it is considered that the
ing the calculated curves, anomalous features of the acoustic

phonon of silver halides can be interpreted very well by the third

term added newly in equation (2). The same analysis is made for the

case of AgCl. To clarify the third term, further study is in progress.

e ,ok upported in part by Grant-in-Aid for Scientific Research, theMinistry of Education, Japan.
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* DETECTION OF IMPURITY TUNNELING IN SOLIDS VIA COHERENT PHONON COUPLING

AND DIRECT NEUTRON SCATTERING

R.C. Casella

National Neamwement Labor~atory, National Bureau of Standrd, Washington,
D.C. 20234, U.S.A.

Abstract.- A theoretical treatment is given of the observation of molecular
tunneling in solids by the coherent interaction of the tunnel-split excita-
tions with acoustic phonous and by direct neutron inelastic scattering.
Results are applied to the case of rotation tunneling of CNf dumbbells in
Kbr and KCl, and to the notion of H atom in two-well traps associated with
oxygen impurities in niobium. Comparison is made with experiment.

Coherent forward resonant scattering of phonons from the tunnel-split ground

and libronically excited configurations of impurity molecules in solids results in

mixed modes, with non-zero component amplitudes for both the phonon and the

* coherently excited impurity complexes. When observed via Inelastic neutron

scattering, one sees a perturbed acoustic branch in the neighborhood of the wave

vector kc at which the component modes are degenerate (11, [21. The mixed mode

J> is given by relation (1), where JIM, represents the impurity excitation at
site 1 .

10 > phonm f, >+ i fI , n. I > , tITfpboona, C (1)

where the am on R of the T-mtrinx elemets extends only over lattice sites

occupied by the dumbbell impurities. The mixed modes have been described in terms

of vector cubic harmmie and analyzed grou theoretically in terse of a model [2)

00 .4a 1. Energy level Schemtic for the
/ unperturbed impurity complex- the

lowest level and the meteuetw/low-lying RE and T2& states vs. tbe
/ coupling Strength £ of the hindering

/ potential for the model In which the
, 1impurity dumbells are aligned along

1140 ll > directions. The first excited
- . I, (.,librusic level ii of type IS. The

' tisAma Split ezeitatim within the
,I ,/ - lbteuit ground state to of type Tag.

I Is the rotation, ontant; t is the
* - angular-mommatum quantum member when

0-.

I _ _ _ _ _ _ _ _
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which accomodates the neutron scattering data [3], [4] as well as the infrared and

Raman scattering data [5] for KCl:CN- and KBr:CN-. The more easily observed

phonon admixture with the first libronically excited tunnel state is determined to

be of Za character. (See Fig. 1.) If the tunnel-split second excited state (T2g

character) were to lie close to the E excitation in these systems it ought couple3

with equal strength [2). The inability to observe the T2S interaction via neutron

scattering indicates that it lies above the potential barrier and is subject to

lifetime broadening due to multi-phonon emission. This destroys the coherence

required for its observation via the neutron probe. The observation of a broad T2g

state in the Raman spectra considerably above the E 15 is in accord with this£

picture. Moreover, the model leads to the conclusion that the tunnel-split ground

state in these system ought be observable by neutron scattering (via its coupling

to the acoustic phonon) only in the T2S cinfiguration (Fig. 1). This prediction

has been confirmed experimentally in K~r:CC -31.

At low temperatures, dilute f< 0(12) concentration) hydrogen atoms in metals

such as niobium and tantalum, also doped with 0(12) concentration oxygen atoms,

become trapped at the latter sites in what are believed to be two-well centers.

Tunneling of the hydrogen between the two potential minima near the oxygen provides

another interesting system in which molecular (atomic) tunneling in solids can be

studied under quite different conditions. Because of the very large low-energy n p

scattering length it is possible to study the excitations directly via neutron

scattering. This has been done both for transitions among the tunnel-split

components of the vibronic ground state [6] and also for transitions from then to

the first and second vibronically excited states [7]. Here the picture is complica-

ted by local strains which can produce relative displacements in the energy of the

component well minima. This greatly reduces the ratio of inelastic to elastic

neutron scattering within the ground doublet according to a model developed in (61.

The reduction is by a factor ;in20 where 8 is a mixing angle between the left and

right singl-well states, describing their admixture in tight-binding approximate

tunneling eigenstates. (The average is over some assumed distribution of the

strain induced relative displacements.) In principle, for zero strain (infinite

dilution) the elastic and inelastic diffarential cross sections for scattering

within the groumd doublet ought to be comparable. It is important to understand

theoretically the neutron induced transitions to the tunnel-split excited states in

order to confirm the model directly. If separated considerably from the ground

doublet, the excited doublet can be characterized by a mixing angle 0, generally

different from 6. atrtix elemnts for transitions from either component of the

ground doublet to either of the tuel-split excitations depend upon both 6 and *.

Under suitable expewisunal conditions, however, the differential eios section for

excitations from both components of the gro doublet to either component of the

excited doublet can be oam to be independent of 0 and of 4. ftus thbagoo A of

Inelastic cross sections,

.__ _ ....-
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A .... excite /dcdgrotmd (2)d inelasti c  i/d ) ne la s ti c ' 2

is enhanced by a (concentration dependent) factor 1/(sin228). The numerator in

the expression for A is diminished by the transition form factor F(q) where q' is

the momentum transfer in the higher energy inelastic neutron scattering experiment

involving vibronic excitation. For small ', *(4') -- (,.)2, where 6 is the dipole

transition matrix element. For small momentum transfer 4 in the lower energy

experiment involving transitions within the ground doublet, the denominator

- (L. /2)2 where I denotes the spatial displacement of the well minima within each

two-well complex. Thus, in the limit -' - 0, 4 - 0 such that ratio 0 of the larger
to the smaller remains fixed, A remains finite. I find, in this limit,

A (02/8) (k.,/kl) (VjVo)/ (sin220). (3)

Here, (kF/ki ) is the ratio of the final to the initial momenta of the neutron in the
higher energy experiment, 9w is the vibronic excitation energy, and V is the

o0
barrier height between the potential minima. General expressions have also been
derived for A and various other cross section ratios when the small , 4' expansion
is not Justified (81. Because of the disparate conditions under which the higher

10(100 meV)] and lower [0(0.2 meV] energy neutron scattering experiments are run in

Nb:O(1Z) H, O(1%) 0, many difficult normalization problems have to be dealt with in

i order to determine A even semiquantitatively [71. Nevertheless, it would appear
worthwhile.
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